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 Abstract 
 
Reduced sulphydryl thiols (RSH): cysteine, homocysteine and glutathione are 
fundamental cellular components having important biological functions, including 
roles within the pathogenesis of a variety of clinical conditions. Independent analysis 
of these species is problematic and analytical difficulties relating to instrumental 
selectivity and sensitivity need to be overcome. This thesis describes the work carried 
out on the development and characterisation of a range of systems that could be used 
to facilitate thiol detection, ideally at the point-of-care, focussing largely on 
electrochemical techniques. 
 
Silver-thiol interactions were studied as a route to assist the sample 
processing. Here a novel controlled silver release mechanism was assessed. Silver 
release was found to be dependent upon the thiol structure. This has possible future 
applications to the development of methods to prevent biofilm formation, although the 
full mechanism of silver-thiol release requires further understanding.  
 
 The development of unique molecular imprinted polymers was attempted. 
These would facilitate the detection of amino acids and the relevant thiol species via 
the amine functionality. The polymers proved unstable in the presence of 
hydroxylamine. However, this property makes the polymers suitable for use as 
protective or sacrificial polymers which can potentially be exploited in the 
manufacture of patterned electrodes. 
 
The nucleophilic substitution reaction between thiols and quinones, or quinone 
type materials, was explored as a possible route to assist selective thiol detection via 
electrochemical or colorimetric methods. Development of such reagentless sensing 
platforms would be beneficial in clinical analysis. Selectivity of thiol determination 
was achieved, although sensitivity issues will restrict real-world applications. 
 
A pH sensor utilising uric acid redox sensitivity was developed and was 
integrated within a disposable electrode assembly to enable wound pH monitoring. 
This platform was adapted as a prototype generic sensor for thiol analysis. 
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Abbreviations 
 
Analtyes/Molecules   
   
2-MCE 2-Mercaptoethanol MTBSTFA N-(tert-Butyldimethylsilyl)-N-
methyltrifluoroamide 
2,6-DMBQ 2,6-Dimethylbenzoquinone MTHFR Methylenetetrahydrofolate reductase 
4AP 4-Aminophenol NADPH Nicotinamide adenine dinucleotide 
phosphate 
4NP 4-Nitrophenol NMDA N-Methyl-D-asparate 
4N1N 4-Nitro-1-Naphthol NO Nitric oxide 
6-IAF 6-Iodoacetamidofluorescein NQ-Ada Naphthoquione-Adamantane Derivative  
8H5NQ 8-Hydroxy-5-Nitroquinoline OPA o-Phthalaldehyde 
AA Ascorbic acid OPA-2-MCE o-Phthalaldehyde-2-mercaptoethanol 
ABD-F 4-Aminosulfonyl-7-fluoro-2,1,3-
benzoxadiazole 
PCA Pechloric acid 
ADP Adenosine diphosphate PPDMP 1,1’-p-Phenylenebis(2,5-dimethylpyrrole) 
ATP Adenosine triphosphate PPi Inorganic diphosphate 
BHMT Betaine homocysteine methyl transferase Pi Inorganic phosphate 
CBS Cystathionine-β-synthase QQ Quinoline-5,8-quinone 
CMPI 2-Chloro-1-methylpyridinium iodide SAH S-Adensoylhomocysteine 
CQMT 2-Chloro-1-methyl-quinolinium 
tetrafluoroborate 
SAM S-Adenosylmethionine 
CSH Cysteine SBD-F 7-Fluorobenzo-2-oxa-1,3-diazole-4-
sulfonate 
DNA Deoxyribonucleic acid SSA Sulfosalicylic acid 
DMG Dimethyl glycine TBAP Tetrabutylammonium perchlorate 
DMMP 2,5-Dimethyl-1-phenylenebis(2,5-
dimethylpyrrole) 
TBP Tri-n-butylphosphine 
DTNB 5,5’-Dithiobis(2-nitrobenzoic acid) TCA Trichloroacetic acid 
DTT Dithiothreitol TCEP Tris(2-carboxylethyl)phosphine 
ECF Ethylchloroformate TNB 5-Thio-2-nitrobenzoic acid 
EDMP 1,1’-Ethylenebis(2,5-dimethylpyrrole) TPP Triphenylphosphine 
FAD Flavin adenine dinucleotide Tryp Tryptophan 
GCL Glutamate cysteine ligase Tyr Tyrosine 
GSH Glutathione UA Uric acid 
HCSH Homocysteine   
mBrB Monobromobimane   
MCE Mercaptoethanol   
MS Methionine Synthase   
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Terminology   
   
AE or CE Auxilary electrode or counter electrode ICL Chemiluminescence immunoassay 
AgNPs Silver nanoparticles ICP-OES Inductively coupled plasma optical 
emission spectroscopy 
AIDS Acquired immune deficiency syndrome IPAP Intergrated pulsed amperometric detection 
C  Chemical LC Liquid chromatography 
CE Capillary electrophoresis LC-ESI-
MS/MS 
Liquid chromatography-electrospray 
ionisation-mass spectroscopy/mass 
spectroscopy 
CE-ED Capillary electrophoresis-electrochemical 
detection  
LIF Laser induced fluorescence 
CE-LIF Capillary electrophoresis-laser induced 
fluorescence 
LoD Limit of detection 
CE-UV Capillary electrophoresis-ultraviolet-visible LSV Linear sweep voltammetry 
CNT Carbon nanotubes MIP Molecular imprinted polymer 
CTNS Cystinosis, nephropathic gene MS Mass spectrometry 
E Electrochemical NG Not given 
ED Electrochemical detection NMR Nuclear magnetic resonace  
EIA Enzyme-linked immunoassay Ox Oxidation 
EQ Equivalent PED Pulsed electrochemical detection 
EQCM Electrochemical quartz crystal microbalance POCT Point of care testing 
ESI Electrospray ionisation PSPE Plasma treated screen printed electrode 
FL Fluorescence RE Reference electrode 
FPIA Fluorescence polarisation immunoassay Red Reduced 
FSO-Au Fluorosurfactant modified gold electrode ROS Reactive oxygen species 
  RSH Reduced sulphydryl thiols 
GC Gas chromatography SPE Screen printed electrode 
GC-MS Gas chromatography-mass spectroscopy TEM-EDX Transmission electron microscope-energy 
dispersive X-ray spectroscopy 
HAI Hospital acquired infection UV Ultraviolet 
HIV Human immunodeficiency virus VIS Visible 
HPLC High performance liquid chromatography WE Working electrode 
HPLC –ED High performance liquid chromatography-
electrochemical detection 
  
HPLC-FL High performance liquid chromatography-
fluorescence detection 
  
HPLC-MS High performance liquid chromatography-mass 
sprectrometry 
  
HPLC-
MS/MS 
High performance liquid chromatography-mass 
spectrometry/mass spectrometry 
  
HPLC-PED High performance liquid chromatography-
pulsed electrophoresis detection 
  
HPLC-UV High performance liquid chromatography-
ultraviolet-visible 
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Equation Definitions   
   
a  Acitivity (Equation 2.2) n Number of electrons (Equation 2.2) 
A Absorbance (Equation 2.10) n Overtone number (Equation 2.9) 
A Area (Equation 2.9) P Transmitted light intensity 
C Concentration P0 Incident lightintensity 
C Concentation (Equation 2.5) ρ The density of quartz (2.65 g/cm
3) 
D Diffusion coefficient R Universal Gas Constant (8.314 J K
-1 mol-1) 
dΦ/dx The electric field T Temperature (K) 
E Electrode Potential  t Time 
E0 Standard Electrode Potential u Ion mobility 
Ε Molar absorptivity µ The shear modulus of quartz 
F The Faraday constant (96500 C/mol) Vx Velocity 
I Current V(x,t) Hydrodynamic Velocity 
J Diffusional flux X Distance 
J Flux z Charge on the electroactive species 
(Equation 2.5) 
Jm Migratory flux Δf Frequency change 
L Sample path length Δm Mass change 
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Chapter 1 
 
The Clinical Significance of Sulphydryl Thiols 
 
Abstract 
 
Reduced sulphydryl thiols (RSH): Cysteine (CSH), Homocysteine (HCSH) 
and Glutathione (GSH) are essential cellular components that have a number of vital 
functions within the body. In recent years, due to their clinical relevance, these 
molecules have gathered a considerable amount of interest within the research 
community. Variations in their concentrations, within biological fluids, have been 
associated with the pathogenesis of a range of medical conditions. The work 
presented in the subsequent chapters of this thesis, focuses primarily upon the 
development of novel electroanalytical strategies that can facilitate the specific 
determination of these compounds within biological samples. The aim of this chapter 
is to review the existing literature and to summarise the biological and clinical 
significance of these thiol compounds, whilst giving an overview of the methods that 
are currently available for their detection, thus putting the work carried out in this 
thesis into context. 
 
The work presented in this chapter on homocysteine and its analysis has been 
published within Expert Review of Molecular Diagnostics. 
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1.1. Introduction 
 
Cysteine, homocysteine and glutathione are indispensable biological 
components within the body. They are structurally similar molecules, as illustrated in 
Figure 1.1, whose metabolic pathways are strongly interlinked. It is therefore not 
surprising that they have analogous chemical reactivities and biological properties. 
When the roles of each of these molecules are considered in the arena of physiological 
wellbeing they tend to have a Jekyll and Hyde persona, each has a vital part in 
maintaining normal cellular function, but when their levels deviate from the normal 
reference ranges they can have a significant role in the development and/or 
pathogenesis of a variety of clinical conditions [1-8]. 
 
 
Figure 1.1 The chemical structures of cysteine, homocysteine and glutathione. 
 
Cysteine is by far the more prevalent thiol within human physiology, 
performing a multitude of important roles [14-16]. It does however have a less 
beneficial side when its levels are lower than or, more commonly, in excess of the 
accepted reference range. The most common example is where excessive amounts of 
cystine, the oxidised disulphide form of cysteine, in urine is a contributory factor in 
the development of urinary stones, therefore classifying it as a clinical risk factor for 
renal function [1]. Homocysteine differs from the latter in that there is an additional 
methylene (CH2) spacer between the sulphydryl group and the alpha carbon atom. 
Subtle changes in its metabolism have, in recent years been linked to a number of 
conditions including cardiovascular [2] and neurochemical [3-5] diseases thus 
highlighting its potential as a biomarker for preventative screening and treatment 
options. Glutathione is synthesised from cysteine, glutatamate and glycine and has 
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some vital antioxidant properties. Research findings have shown that depletions in its 
levels can be indicative of liver diseases [6], autoimmune diseases [7] and Parkinson’s 
disease [8] which have given it biomarker status. 
 
A substantial amount of literature can been found on the biological 
significance, pathogenic roles and the methods used for the detection of each of these 
molecules within biological samples. Detection is normally fraught with a number of 
analytical difficulties including concerns over sample degradation, speciation 
problems and sensitivity issues [9]. In the current economic climate there is a need for 
technological advancements that would enable the rapid, reliable and selective 
measurement of these compounds, ideally in a point of care type diagnostic platform. 
The development of these systems would be particularly useful in the case of 
homocysteine where analytical improvements would allow more detailed 
epidemiology studies to be performed thus allowing any debates associated with the 
molecules roles in the pathogenesis of disease to be resolved. New advancements 
would also allow the true efficacy of these species as early warning and/or 
preventative biomarkers to be clarified [10]. 
 
The central aim of this project was to develop novel electroanalytical 
approaches that could be used to monitor the levels of these thiol species within 
biological samples. This chapter sets the scene for the research that follows by 
highlighting the relevance of cysteine, homocysteine and glutathione within human 
physiology and disease and summarises the techniques that are currently used for their 
determination.  
 
1.2. Cysteine 
 
Cysteine (2-Amino-3-mercaptopropionic acid) is a sulphur containing amino 
acid synthesised in the human body from the essential amino acid methionine and the 
non essential amino acid serine as illustrated in Scheme 1.1. In the first part of this 
synthesis methionine is converted to S-adenosylmethionine (SAM or AdoMet) in the 
presence of methionine adensosyltransferase (Scheme 1.1 a.). The SAM produced is 
then converted to homocysteine via a transmethylation reaction (Scheme.1.1 b.). A 
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condensation reaction, in the presence of cystathionine synthase, then occurs between 
the homocysteine produced and serine present within the body to give cystathionine 
(Transsulphuration 1, Scheme 1.1 c.), this is subsequently converted to cysteine and 
α-ketobutyrate in the presence of cystathionine lyase (Transsulphuration 2, 
Scheme.1.1 d.) [11]. 
 
 
Scheme 1.1 The synthesis of cysteine [11] 
 
Cysteine, like the other sulphydryl thiols, can be present in the body in several 
forms: the free reduced form (CSH) (Figure 1.2 (I)) and the oxidised forms, which 
includes the disulphide cystine (CSSC) (Figure 1.2 (II)) and the mixed disulphides 
(CSSR) where cysteine is linked to other sulphydryl thiols, proteins or peptides via a 
disulphide bridge [12]. 
 
Figure 1.2 The structure of cysteine (I) and cystine (II). 
 
Cysteine is an integral molecule within the human body having a number of 
vital roles: it is a precursor for many other molecules, it is a key component involved 
in protein folding and like the other sulphydryl thiol species it is an antioxidant, 
therefore having an important role in preventing the damage caused by reactive 
oxygen species during oxidative stress [13]. Cysteine is the most prevalent thiol 
species within plasma samples [14-16] and its levels are normally assessed by 
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measuring the total thiol concentration, which includes the concentrations of the 
reduced and oxidised forms [17]. These levels can vary depending on a number of 
factors including age, diet and sex but are typically in the micromolar region for both 
plasma (ca. 300 µM) [12,16] and urine samples (ca. 200 µM) [17]. Numerous studies 
have demonstrated that when cysteine levels within biological fluids deviate from the 
typical reference range that normal cellular function is affected, this can have an 
impact on the pathogenesis of a number of diseases [1,18-20], some of which are 
discussed briefly over the next few pages.   
 
1.2.1. Cystinuria 
 
Cystinuria is an autosomal recessive disorder in which a mutant allele causes a 
genetic defect that affects how the kidneys reabsorb cystine, lysine, ornithine and 
arginine. It is therefore characterised by excessive amounts of these molecules within 
a sufferer’s urine sample. The excessive amounts of lysine, ornithine and arginine 
appear to have no detrimental effects on kidney function. The presence of excess 
cystine however can be problematic when its levels exceed its solubility (1.5mM/L) 
and normal cystine excretion can increase from 0.13mM/day to 1.7mM/day 
depending on the type and severity of the cystinuria present [18]. This increase can 
cause the formation and subsequent appearance of cystine crystals and eventually 
cystine stones within urine [21]. This can cause kidney damage and urinary infections. 
Cystinuria can be diagnosed by the presence of excessive amounts of cystine within a 
urine sample by using the cyanide-nitroprusside test [22-23], thin layer 
chromatography [22-23], ion exchange [24] or liquid chromatographic techniques 
[24-25], mass spectrometry [26-27] or by a visual examination of the urine sample 
under a microscope: here yellow-brown hexagonal cystine crystals are observed for a 
positive result [28-29]. The condition can be treated effectively by a number of routes, 
all of which work by trying to prevent pathogenic cystine stone formation. Preferred 
treatment approaches are hydration and alkalinisation methods as treatment with 
drugs such as D-penicillamin, Captopril [30] or alpha-mercaptoproprionylglycine can 
have undesirable side effects [18]. The hydration treatment method involves 
increasing a patient’s fluid intake in an effort to reduce cystine saturation within urine 
and alkalinisation methods involve the patient taking supplements such as bicarbonate 
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and/or potassium citrate which increases the alkalinity of urine which subsequently 
increases the solubility of cystine [31-32].  
 
1.2.2. Cystinosis 
 
Cystinosis is another genetic disease that effects cystine concentrations; it has 
been mapped to chromosome 17p13, the cystinosis, nephropathic (CTNS) gene, 
which is used to produce cystinosin, an integral membrane protein, which controls the 
amount of cystine within the lysosomes of cells. There are three types of this disease: 
nephropathic cystinosis (infantile cystinosis), intermediate nephropathic cystinosis 
(adolescent cystinosis) and non-nephropathic cystinosis (adult cystinosis) [19] and in 
each case there is an accumulation of cystine within cell lysosomes, primarily kidney 
and retinal cells, due to its defective transport over the lysosomal membrane. This 
build up can eventually result in crystal formation which can cause cell damage and 
death [33]. Symptoms of the disease will vary depending on the type of cystinosis 
present but will generally include: kidney problems, acidosis and retinopathy [19]. 
Diagnosis of the condition may be carried out by determining the cystine levels within 
blood samples or by looking at the health of the cornea, retina or kidney. Molecular 
analysis can also be performed as a diagnosis route to confirm the presence of the 
defect on the CTNS gene. Cystinosis can be treated successfully using cysteamine 
salts, typically cysteamine bitartrate and phosphocysteamine. These compounds 
decrease the cystine levels within cells as the cysteamine abduct reacts with the 
cystine, breaking the disulphide bond to give free reduced cysteine and a cysteine-
cysteamine complex [33-34]. 
 
1.2.3. Cysteine Deficiencies 
 
Cysteine deficiencies are rare, but levels in the body can decrease if there is a 
reduction in the amount of any of the components used in its synthesis or if there are 
any problems with the enzymes involved in its production. This decrease can have a 
number of detrimental affects: the levels of some other critical cellular components 
such as taurine, glutathione and homocysteine can be decreased as their precursor 
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molecule is not present and as cysteine is an antioxidant the bodies ability to fight 
infections can also be reduced [20].  
 
1.3. Homocysteine 
 
Homocysteine (2-amino-4-sulfanylbutanoic acid) is another sulphur 
containing amino acid that is chemically and structurally similar to cysteine, the 
structural difference being the presence of an extra methylene (CH2) spacer prior to 
the sulphydryl group. As previously mentioned, homocysteine is produced during the 
synthesis of cysteine from the essential amino acid methionine which is highlighted, 
along with how homocysteine is metabolised, in Scheme 1.2. During these processes 
a number of biologically important molecules are synthesised, transsulphuration of 
homocysteine produces cysteine and taurine [35] and remethylation reconverts 
homocysteine back into methionine, using the enzyme methionine synthase (MS), 
vitamin B12, folic acid [36] and methylenetetrahydrofolate [37]. 
 
Scheme 1.2 Metabolism of homocysteine and folate 
MTHFR, methylenetetrahydrofolate reductase; MS, methionine synthase B12; BHMT, betaine 
homocysteine methyltransferase; CBS, cystathionine β-synthase; FAD, flavin adenine dinucleotide; 
DMG, dimethyl glycine; SAM, S-adenosylmethionine and SAH, S-adenosylhomocysteine [35-37]. 
  
Like cysteine, homocysteine is present in the body in several forms (Figure 
1.3) The reduced form (HCSH) (I) and the oxidised forms where homocysteine is 
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bound to either another homocysteine molecule (II) or to another sulphydryl thiol, a 
protein or a peptide to generate mixed disulfides (III) [38-39]. 
 
 
Figure 1.3 The different forms of homocysteine. 
 
Homocysteine levels in the blood are influenced by lifestyle, dietary and 
genetic factors and vary with gender and age [10]. The overall homocysteine level, 
which is termed total homocysteine, includes the reduced and oxidised forms and is 
determined by the rate at which it is metabolised by the body and typically ranges 
from 5 to 15 µM. Elevations above this reference range are classified as varying 
levels of hyperhomocysteinemia with 16 to 30 µM being mild; 31 to 100 µM being 
moderate and levels above 100 µM being categorised as severe [35]. These elevated 
levels of homocysteine have been implicated in a variety of medical conditions some 
of which are discussed briefly in the following sections. 
 
1.3.1. Vitamin Deficiency 
 
Measuring homocysteine levels is an established means of assessing patients 
with possible vitamin deficiencies [40]. There are many causes of folic acid, vitamin 
B12 and vitamin B6 deficiencies including: inadequate dietary intake, vitamin 
malabsorption, hereditary conditions and pernicious anaemia [36,41]. Assessment of 
homocysteine levels for the clinical diagnosis of general B vitamin deficiencies is 
extremely effective, especially when such measurements are used in conjunction with 
the direct assessment of vitamin levels as opposed to measuring each analyte 
individually [42-43]. The majority of cases of hyperhomocysteinemia reported are as 
a result of these deficiencies [2]. Effective treatment of vitamin deficiencies is 
important as prolonged suffering can cause irreversible damage to the central nervous 
system [44] and megaloblastic anaemia [45]. Treatment is simple and can be easily 
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achieved by vitamin supplementation, which is very effective at returning the 
homocysteine level back to normal [46]. 
 
A link between elevated homocysteine levels and micronutrient deficiency 
osteoporosis has also been observed [47-48]. It has been proposed that homocysteine 
interferes with the crosslinking process in collagen, a vital process in bone formation 
[49]. The exact mechanisms by which these adverse effects are bought about are still 
unclear but a recent study has suggested that homocysteine disturbs osteoblast 
function resulting in the damage. Further work is necessary to clarify the pathogenic 
mechanism along with outcome studies to observe whether homocysteine lowering 
treatment is of any benefit within this situation [50]. 
 
1.3.2. Psychiatric and Neurodegenerative Disorders 
 
A number of studies have highlighted that homocysteine is a neurotoxic 
substance such that when excessive levels prevail, N-methyl-D-aspartate (NMDA) 
receptors [51] as well as some non-NMDA receptors become activated [52] resulting 
in excitotoxicity. It has been proposed that this action promotes neuronal degeneracy 
and impairs neuronal plasticity [53-54]. This has been supported by research studies 
that have noted that elevated homocysteine levels contribute to the pathogenesis of 
numerous psychiatric disorders such as schizophrenia [55], depression [56] and 
neurodegenerative disorders including Parkinson’s disease [3], dementia [4] and 
Alzheimer’s disease [5]. While there is substantial evidence for the association of 
elevated homocysteine with neurological disorders, treatment with B-vitamin therapy 
as a means of reducing the homocysteine level has not yet been proven to slow the 
cognitive decline associated with these conditions [57].  
 
1.3.3. Pregnancy Complications 
 
Homocysteine levels generally decrease during a normal pregnancy [58] and 
thus the presence of elevated homocysteine levels during pregnancy is a significant 
warning signal that is associated with a range of pregnancy complications including: 
an increased risk of early pregnancy loss [37], pre-eclampsia [59] and a number of 
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birth defects. The latter are the more significant and include the neural tube defects, 
spina bifida and encephalocele [60]. Folic acid supplementation for women of child 
bearing age and during pregnancy is well established and recommended by health 
care practitioners as it is known to reduce the incidence of neural tube defects [61], 
with literature supporting the fact that this supplementation helps maintain 
homocysteine levels within the accepted range [62]. In addition to folic acid 
supplementation, it has been suggested that the administration of the B group vitamins 
(B6 and B12) may also help to reduce some of the complications of pregnancy that are 
associated with hyperhomocysteinaemia [37]. 
 
1.3.4. Genetic Disorders 
 
Homocystinuria is an autosomal recessive genetic disorder that affects the 
metabolism of homocysteine, resulting in an increase in the levels of homocysteine 
within plasma, serum and urine. Cystathionone--synthase (CBS) deficiency is the 
most common cause of homocystinuria with impairment of the transsulphuration 
pathway causing the elevation in the levels of homocysteine and a corresponding 
decrease in the levels of cysteine [63-64]. Those afflicted with the condition have a 
high risk of experiencing a thrombo-embolic event but the pernicious nature of the 
disease means that they can generally remain symptom free up until the actual 
cardiovascular event. There are however other complications, myopia and lens 
dislocation, which can occur earlier alerting the clinician to the presence of the 
underlying condition [10]. Children suffering from this condition may also show 
mental retardation or have a psychiatric disease. If diagnosed sufficiently early, 
treatment with folic acid and/or pyridoxine can lower the homocysteine levels and 
prevent the onset of the clinical symptoms, with the possibility that cardiovascular 
events may also be avoided [65]. In some countries neonates are universally screened 
for homocystinuria. This isn’t currently done in the UK but is done in Ireland where 
the condition is much commoner. At present this is done by measuring methionine 
levels because of the analytical issues surrounding homocysteine analysis (these are 
discussed in detail at the end of this chapter). Not all cases are detected by measuring 
methionine however as the test has a high false negative rate (>20%) [66]. 
Homocysteine itself is without a doubt the more relevant analyte and should 
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ultimately be the analyte measured in screening programmes once the analytical 
problems associated with its detection are overcome. 
 
Methylene tetrahydrofolate reductase (MTHFR) thermolabile variant is 
another genetically inherited disorder. In this condition a mutation of the MTHFR 
gene at the C677T position causes the MTHFR enzyme to be less active causing an 
impairment of the remethylation of homocysteine to methionine causing elevated 
homocysteine levels [67-68]. 
 
1.3.5. Cardiovascular Disease 
 
Hyperhomocysteinemia is widely recognised as a risk factor for 
cardiovascular disease and stroke [2,69] but the pathogenic mechanism(s) by which 
homocysteine causes damage to the cardiovascular system is still unclear. While there 
have been numerous in vitro and animal model studies, there is no single mechanism 
and it has been postulated that elevated homocysteine levels result in an alteration in 
the levels of key metabolites which leads to atherosclerosis [70]. It has been suggested 
that homocysteine causes endothelial damage and dysfunction by affecting the 
endothelial antiatherogenic agent nitric oxide (NO). It is proposed that NO is affected 
in two ways: 1. that high levels of homocysteine interfere with the L-arginine 
synthesis of NO causing a decrease in NO and 2. that the reactivity of NO is reduced 
due to the presence of more reactive oxygen species due to an increase in oxidative 
stress [71]. Another hypothesis is that the elevation in homocysteine interferes with 
NO production causing an increase in the intracellular calcium concentration. This 
increase has been reported to enhance platelet response to thrombin and adenosine 
diphosphate (ADP) resulting in enhanced coagulation which is a key contributor in 
cardiovascular events [72]. It is also thought that the proliferation of vascular smooth 
muscle cells due to an increase in DNA synthesis in the presence of homocysteine 
also contributes to the development of the condition [73-74]. The growth of smooth 
muscle cells has more recently been found to be balanced with cell death [74].  
 
Although the link between homocysteine and cardiovascular disease is 
apparent, clinical trials have shown conflicting data as to whether the vascular risk 
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can be manipulated as a consequence of lowering homocysteine levels via treatment 
with folic acid and B vitamins [75-76]. Numerous explanations for these results have 
been proposed, including insufficient study time scales [77].  
 
1.4. Glutathione 
 
Glutathione (γ-L-glutamyl-L-cysteinyl-glycine) Figure 1.4, is a water soluble 
tripeptide made in the cytosol of virtually all living cells from its constituent amino 
acids glutamate, cysteine and glycine [78].  
 
 
Figure 1.4 The structure of reduced glutathione. 
 
Glutathione synthesis involves 2 enzymatic steps as highlighted in Scheme 
1.3, the first step is the rate determining step and involves linking glutamate with 
cysteine using glutamate cysteine ligase (GCL) (formally γ-glutamylcysteine 
synthetase). The second part of this synthesis involves linking the newly formed γ-L-
glutamyl-L-cysteine with L-glycine using glutathione synthase (formally glutathione 
synthetase). [78-80]  
 
 
Scheme 1.3 The synthesis of glutathione [78-80]. 
 
Glutathione is the most prevalent intracellular sulphydryl thiol species found 
within the body primarily because the glutamate-cysteine peptide bond is formed 
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through a linkage of the γ-carboxyl group as opposed to the more conventional α-
carboxyl group which makes the structure resistant to most types of hydrolysis and 
intracellular degradation [78]. Like the other sulphydryl thiols mentioned it can exist 
in the reduced free form (GSH) (as illustrated in Figure 1.4) and the oxidised 
disulphide and mixed disulphide forms.  
  
The reduced free glutathione from predominates within cells due to the 
presence of glutathione reductase, a Nicotinamide adenine dinucleotide phosphate 
(NADPH) dependent enzyme that is constitutively active within the cells [79]. The 
thiol functionality on the cysteine residue of glutathione enables it to act as both a 
reducing agent and a nucleophile therefore enabling it to have a multitude of functions 
including its use in the formation and regulation of certain molecules such as proteins 
and enzymes, its role as an antioxidant [81] and its role in detoxifying electrophiles 
[78]. 
 
Glutathione levels in the body are affected by a number of factors including 
sex and age and vary considerably depending on the sample medium. Intracellular 
levels of glutathione are normally in the range of 1-2mM but can be as high as 10mM 
in hepatocytes [79]. Levels in plasma and urine are much lower with plasma levels 
being approximately 10µM (total glutathione concentration) [16,79]. Deviations from 
these normal reference values can occur due to the dysregulation of glutathione 
synthesis and lowered glutathione levels have been associated with a number of 
clinical conditions outlined in brief over the next few pages. 
 
1.4.1. Genetic Disorders 
 
Inborn errors that alter glutathione levels are rare, however, there have been 
some cases reported where genetic alterations have changed the reactivity of the 
enzymes used during glutathione synthesis which subsequently causes its levels to be 
decreased. Deficiencies with the glutathione synthase enzyme appear more frequently 
than those for the glutamate cysteine ligase enzyme [79]. Two types of glutathione 
synthase deficiency have been reported. Deficiency one is expressed only in 
erythrocytes and it has been postulated that it occurs due to a genetic mutation that 
affects the stability of the enzyme. In deficiency two, which is commonly referred to 
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as generalised glutathione synthase deficiency it is thought that the deficiency occurs 
due to a genetic mutation that causes the catalytic activity of the enzyme to be 
reduced. Both of these deficiencies are characterised by a decrease in glutathione 
levels and symptoms of the disorders include damage to the central nervous system 
and haemolytic anaemia [82]. 
 
1.4.2. Parkinson’s Disease 
 
The link between low glutathione levels and Parkinson’s disease has been 
established for many years. Studies have shown that a decrease in the total glutathione 
concentration within the substania nigra of patients suffering from Parkinson’s disease 
occurs early on in the diseases progression, before any physical symptoms are 
presented and as such much work has been focused upon establishing the cause or 
effect nature of this relationship [83]. The mechanism through which the depletion of 
glutathione is initiated is unknown, it is however apparent that due to the 
multifunctional nature of glutathione that this depletion perturbs many cellular 
processes including the cells oxidative stress defences, DNA synthesis and repair, 
protein synthesis, amino acid synthesis, toxin removal and neurohormonal signalling 
all of which may contribute to the pathogenesis of the disease [84-86].  This evidence 
suggests that restoring glutathione concentrations would be the best approach to 
prevent disease progression and as such various regimes have been trialled each 
having varied levels of success [84]. 
 
1.4.3. HIV/AIDS 
 
Glutathione has a range of effects on the immune system, it can either 
stimulate or inhibit an immune response in an attempt to control inflammations. 
Alterations in the levels of glutathione can therefore have a significant role in those 
conditions that are caused, promoted or maintained by oxidative stress which includes 
HIV (human immunodeficiency virus) and AIDS (acquired immune deficiency 
syndrome) [87]. In patients suffering from these conditions the levels of glutathione 
can be reduced to depletion in plasma, epithelial lining fluids and peripheral blood 
and these depletions have been found to correlate with disease mortality [79-80]. The 
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reduction of glutathione within the lungs of HIV patients has also been correlated 
with an increased risk of them acquiring an opportunist infection and in these 
situations levels can be replenished by using aerolised glutathione [87]. 
 
1.4.4. Diseases of the Liver 
 
A decrease in the amount of hepatic glutathione is an indicator of many forms 
of liver disease [83]. This decrease is bought about by a number of factors including 
impaired glutathione synthesis and transport and/or over-consumption. The decrease 
causes an increase in oxidative stress and can affect a number of signalling pathways, 
both of which contribute to the pathogenesis of liver diseases such as acetaminophen-
induced liver disease, alcohol induced liver disease and hepatitis c induced liver 
disease [88]. 
 
1.5. Analysis of Sulphydryl Thiols 
 
Cysteine, homocysteine and glutathione levels 
can be determined using a variety of techniques based 
on immunoassay [115,135], capillary electrophoresis 
[133-134], chromatographic [92-93,95,104,111] and 
enzymatic methods [136-138]. All biological samples 
are very complex. They contain a multitude of 
components that can make clinical analysis 
problematic as they can interfere with the method 
used making the results obtained inaccurate and 
unreliable. A further complication when attempting 
the analysis of the sulphydryl thiols in question is the 
fact that they can be present in the various forms, the 
reduced and oxidised forms [15], it may therefore be 
necessary to carry out sample preparation steps prior 
to analysis. The extent of this process will vary 
depending upon the analytical technique being used 
[89]. The majority of literature that discusses thiol analysis is focused upon the 
analysis of the total thiol concentrations within plasma samples, as this provides the 
Figure 1.5 Outline of the 
typical thiol analysis protocol 
after sampling [89,142] 
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most stable environment for the thiol species [142]. After the sample has been 
collected, the analysis will typically follow the general process outlined in Figure 1.5, 
each stage will be discussed in more detail over the next few pages [89,142]. 
 
1.5.1. Sample Pre-treatment 
 
After a blood sample has been collected, the thiol levels within the sample will 
increase. This is because there is a time and temperature dependent release of the thiol 
species from the erythrocytes present [90,142]. This process can compromise the 
accuracy of the final analysis, but it can be easily resolved by the immediate 
separation of erythrocytes from the sample by centrifugation or by storing the samples 
at low temperatures until centrifugation can take place [90]. As plasma is typically the 
matrix of choice for the majority of analytical procedures it is then generally 
processed in three stages [89]:  
 
 Conversion of the oxidised thiol species to the free RSH state, 
 Protein precipitation,   
 RSH derivatisation.  
 
The conversion of the oxidised thiol species (homo- and hetero disulphides) to the 
free thiol is necessary to free up the thiol (-SH) functionality. It is this chemical 
moiety that is normally detected or derivatised subsequently allowing the thiol 
concentration to be determined. This process can be achieved by the reduction of the -
S-S- bound forms by the addition of a reducing agent to the sample. Some of the 
common reducing agents that have been used for thiol analysis are shown in Table 
1.1. 
Matrix Reducing  Agent Reference 
Plasma Sodium borohydride (NaBH4) 91-92 
Plasma Dithiothreitol (DTT) 89 
Serum Urine 2-Mercaptoethanol (2-MCE) 89 
Plasma 2-Mercaptoethanol (MCE) 93 
Plasma Dithiothreitol (DTT) 94 
Plasma Dithiothreitol (DTT) 95-96 
Plasma Tri-n-butylphosphine (TBP) 89 
Blood Triphenylphosphine (TPP) 97 
Plasma Tri-n-butylphosphine (TBP) 98 
Cell cultures Tris(2-carboxylethyl) phosphine (TCEP) 99 
 
Table 1.1 Common thiol reducing agents. 
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Sodium borohydride was one of the first approaches used for reducing 
oxidised thiol species. Its handling was found to be problematic (i.e. hydrogen 
evolution) when dealing with biofluids and so alternative agents were investigated 
[91-92]. The thiol-disulphide exchange method is an alternative reduction route that 
can used, here the target thiol is released through a nucleophilic substitution reaction 
with an activated, more easily oxidisable thiol reagent that acts as a sacrificial agent 
[89,93-96]. These types of reaction are typified by the use of mercaptoethanol (MCE) 
and dithiothreitol (DTT or Cleland’s reagent) and the mechanism through which they 
act are highlighted in Scheme 1.4 and Scheme 1.5, respectively [93-96]. 
 
 
 
 
 
Scheme 1.4 Reduction of RSSR by 
Mercaptoethanol (MCE) [93-96]. 
Scheme 1.5  Reduction of RSSR by 
Dithiothreitol (DTT) [93-96]. 
 
The main disadvantage of these types of reagents is that the amount of 
exchanger thiol used (MCE or DTT) must be in excess of the suspected thiol 
concentration within the sample. This is necessary to achieve full thiol reduction and, 
unless the sample is then subjected to a column separation, there is the possibility that 
the unreacted thiol reducing agent will interfere with the final analysis making the 
results obtained inaccurate and unreliable. The use of phosphines can counteract this 
problem, a variety have been assessed including triphenylphosphine (TPP) [97,100], 
tri-n-butylphosphine (TBP) [98] and tris(2-carboxyethyl) phosphine (TCEP) [99]) 
with the manipulation of the R substituents reflecting a drive to find a derivative with 
aqueous solubility. The carboxyethyl derivative TCEP is, at present, reported to be 
among the more effective given the hydrophilic nature of the acid groups but its mode 
of action retains the general mechanism outlined in Scheme 1.6 [13,143]. 
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Scheme 1.6 General reaction mechanism for the 
reduction of disulphides using phosphine 
reagents [143]. 
 
 
 
 
 
The next part of the sample pre-treatment process is to remove the proteins 
present within the sample. This is necessary particularly when using chromatographic 
techniques as it will prevent column fouling and interferences during analysis. Protein 
removal can be achieved by adding an acid to the sample after the reduction stage of 
sample pre-treatment is complete. The addition of the acid will cause the proteins to 
precipitate out of the sample solution whilst the thiol compounds remain soluble thus 
making separation by centrifugation very simple. Trichloroacetic acid (TCA) [101], 
perchloric acid (PCA) [102] and sulfosalicylic acid (SSA) [97] are potent protein 
denaturants and are commonly used as protein precipitating acids. Oxidation of the –
SH group has been found to occur in PCA and SSA treated samples and, as such, 
TCA has been reported to be the most reliable precipitating agent [52]. 
 
1.5.2. Derivatisation and Analysis 
 
Table 1.2 highlights the range of methods that can be used for the 
determination of thiol species within biological samples along with, if necessary, the 
derivatising agents used. 
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Method Sample LoD/Μm Derivatising 
Agent 
References 
HPLC-UV: 350nm Plasma 0.4 CQMT 92 
HPLC-UV: 312nm Plasma 0.1 CMPI 101 
HPLC-UV Blood, urine, 
plasma 
0.1 Direct 103 
     
HPLC-FL: 340, 
450nm 
Plasma 0.08 OPA, MCE 93 
HPLC-FL Plasma 0.12 mBrB 94 
HPLC-FL: 300, 
470nm 
Blood 0.1 mBrB 100 
HPLC-FL: 370, 
480nm 
Cell cultures  OPA 99 
HPLC-FL: 385, 
515nm 
Plasma NG SBD-F 101 
     
HPLC-ED Plasma Up to 100 Direct 104 
HPLC-ED Blood 0.14 Direct 105 
HPLC-ED Plasma 0.02 Direct 106 
ED 
p- CNT/Nafion/GC 
Homocysteine 0.06 Direct 107 
ED 
FSO-Au 
Plasma NG Direct 108 
HPLC-PED - 0.32 Direct 109 
Cation 
exchange/IPAD 
Plasma 0.05 Direct 110 
     
GC-MS Plasma 0.17 MTBSTFA 95 
GC-MS Plasma 5.0 ECF 96 
     
HPLC- MS Rat tissues 0.75 Direct 111 
HPLC-MS/MS Serum, plasma 1.0 Direct 112 
LC-ESI-MS/MS Plasma NG Direct 113 
     
CE-ED Plasma 0.5 Direct 89 
CE-UV:220nm Plasma 0.5 ABD-F 89 
CE- UV: 234, 
250nm 
Plasma NG mBrB 103 
CE-LIF D, L 
Homocysteine 
0.005 ABD-F 114 
ICL Plasma 0.9 SBD-F 115 
 
Table 1.2 Methodologies used for the detection of RSH. 
 
LoD, limit of detection; NG, not given; HPLC, high performance liquid chromatography; FL, fluorescence detection; UV, 
ultraviolet detection; EC, electrochemical detection; CNT/nafion/GC, carbon nanotube modified glassy carbon electrode; FSO-
Au, fluorosurfactant modified gold electrode; GC, gas chromatography; MS, mass spectroscopy; CE, capillary electrophoresis; 
LIF, laser induced fluorescence; PED, pulsed electrophoresis detection; IPAD, Integrated Pulsed Amperometric detection; mBrB, 
monobromobimane; OPA, o-phthaladehyde; MCE, 2-mercaptoethanol; SBD-F, 7-flurobenzo-2-oxa-1,3-diazole-4-sulfonate; 
CQMT, 2-chloro-1-methyl-quinolinium tetrafluroborate; CMPI, 2-chloro-1-methylpyridinium iodide; ABD-F, 4-aminosulfonyl-
7-fluoro-2,1,3-benzoxadiazole; MTBSTFA, N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide; ECF, ethylcholoroformate; 
6-IAF, 6-iodoacetamindofluorescein; LC-ESI-MS/MS, liquid chromatography-electrospray ionization tandem mass 
spectroscopy; ICL, Chemiluminescence immunoassay. 
 
 A variety of chromatographic techniques have been used for thiol 
determination, including high-performance liquid chromatography (HPLC) utilising a 
range of detection methods: ultraviolet-visible (UV-VIS) [92,101,103], fluorescence 
[93-94,99-100,116] and electrochemical [104-110,117] techniques along with 
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chromatographic methods coupled to mass spectrometry: gas chromatography-mass 
spectrometry (GC-MS) [95-96,119] and liquid chromatography-mass spectroscopy 
(LC-MS) [111-113,119]. Chromatographic techniques are often chosen as the 
preferential analytical technique as they can be easily automated [89], have a wide 
analytical range and allow simultaneous detection of multiple analytes present within 
the sample. 
 
For spectrophotometric analysis (UV-VIS and fluorescence) the thiol species 
will need to be derivatised as they are not naturally fluorescent and they do not have 
strong native chromophores in the ultraviolet or visible regions of the electromagnetic 
spectrum and, as such, are invisible to most spectroscopic detectors [120]. There are a 
number of fluorescent and UV/VIS derivatising agents available for the detection of 
thiols. The majority provide a sensitive means of analysis but are unable to 
differentiate between the various thiol species. O-Phthalaldehyde (OPA) is a 
fluorescent derivatising agent. It reacts readily with the amine functionality on the 
thiol compound to give a fluorescent OPA derivative. This method can be used over 
an extensive pH range and also derivatises some amino acids (i.e. aspartate and 
glutamate) which is useful when carrying out simultaneous chromatographic analysis 
[93,121]. O-Phthalaldehyde-2-mercaptoethanol (OPA-2-MCE) reagents have also 
been used and these react in the same way with thiols as OPA but the derivatives 
produced are only weakly fluorescent. This is thought to be due to the presence of the 
sulphydryl functionality and so it is necessary to protect these groups prior to the 
reaction with OPA. A reaction with iodoacetic acid is often used. This is then 
followed by the derivatisation with OPA in the presence of 2-mercaptoethanol (2-
MCE) as indicated in Scheme 1.7 [93]. 
Scheme 1.7 a. The 
protection of the thiol 
functionality on 
homocysteine with 
iodoacetic acid and b. 
the derivatisation of the 
protected homocysteine 
with OPA (O-
phthalaldehyde) in the 
presence of 2-MCE (2-
mercaptoethanol)[93]. 
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Another well used non-thiol specific fluorescent reagent is monobromobimane 
(mBrB). This reacts with the sulphydryl functionality on the thiol species via a 
nucleophilic substituition reaction as indicated in Scheme 1.8 [94,100].  
 
N
N
OO
Br
N
N
OO
RS
RSH + + HBr
mBrB  
Scheme 1.8 The structure of monobromobimane (mBrB) and its basic thiol (RSH) derivatisation 
reaction scheme [94,100]. 
 
A benefit of mBrB is that when it is used in methanol it can act simultaneously 
as a protein precipitating and a derivatising agent, thus saving sample pre-treatment 
time [100]. Another alternative system that has emerged in recent years is based on 
ammonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate (SBD-F) or 4-amino-
sulphonyl-7-fluoro-2,1-3-benzoxadiazole (ABD-F). The basic reaction pathway with 
thiol species is detailed in Scheme 1.9. 
 
This reagent is widely used because there is 
minimal background fluorescence produced and there are no fluorescent degradation 
products. Its use is however not ideal as the reaction requires harsh conditions to 
proceed [89,122]. 
  
N
O
N
F
X
N
O
N
X
SR
SO
3
-NH
4
+
SO
2
NH
2
+ RSH + H
SBD-F: X = 
ABD-F: X =  
Scheme 1.9 The structures of SBD-F and ABD-F and their general thiol derivatisation reaction 
[89,122]. 
 
The application of UV/VIS derivatising agents has shown good sensitivity 
towards the determination of thiols. In order to provide effective results, reagents 
must form a derivative with sufficient UV/VIS absorption to measure the thiol at low 
concentrations. They must show no background absorption in the absence of the thiol 
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species and they should also be able to rapidly and specifically react with thiols to 
generate a stable product [89]. Among these methods of derivatisation, Ellman’s 
reagent (5,5’-dithiobis(2-nitrobenzoic acid) (DTNB)) is predominantly used for the 
spectrophotometric quantification of thiols [123]. Ellman’s reagent reacts with the 
thiol species leading to the formation of a thiol-TNB adduct and a concomitant release 
of one equivalent of 5-thio-2-nitrobenzoic acid (TNB). This later absorbs at 412 nm 
and so the thiol can be quantified (Scheme 1.10)
 
[123-124]. This reaction is rapid and 
a quantitative measurement of the thiol can be achieved when excess DTNB is used at 
neutral or mildly alkaline pH [123]. 
 
Scheme 1.10 The general reaction scheme for thiol derivatisation with Ellman’s reagent [123]. 
 
Another common UV/VIS reagent used is 2-chloro-1-methylpyridinium iodide 
(CMPI). CMPI  is able to react rapidly with thiols under slightly alkaline media to 
produce stable S-pyridinium derivatives, as shown in Scheme 1.11, which can be 
measured spectrophotometrically at 310nm [89,125]. 
N
+
Cl
CH
3 I
N
+
SR
CH
3 I
+ RSH + HCl
CMPI  
Scheme 1.11 2-chloro-1-methylpyridinium iodide (CMPI) thiol derivatisation reaction scheme 
[89,125]. 
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Electrochemical thiol detection can be achieved via a number of 
electroanaltyical techniques including cyclic voltammetry [126,127], potentiometry 
[128], amperometry [129], pulsed techniques [130] and stripping methods [131]. 
Direct electrochemical analysis of thiol species is achieved via their oxidation at the 
electrode surface [117]. This process can be limited by poor voltammetric behaviour 
of solid state electrodes, slow electron transfer kinetics and the need to apply a large 
anodic potential to bring about the electrochemical response which may complicate 
the analysis as you can get a response from the oxidation of other electroactive 
components present within the sample. Indirect electrochemical analysis can be 
achieved by the derivatisation of the thiol species with an electroactive lable. This can 
result in the signal being enhanced and/or shifted to lower potentials away from 
interfering signals improving the sensitivity and selectivity of the detection route 
[14,132]. 
 
Capillary electrophoresis can also be used to detect thiol species within 
biological samples with photometric [89,133-134] and fluorescence [102,114] 
detection methods being ultilised. Capillary electrophoresis is a simple, fast method 
for analysis but there are issues related to the sensitivity of the technique especially 
when UV/VIS detection methods are employed [89]. 
 
Immunoassay techniques, including fluorescence polarisation immunoassays 
(FPIA) [135], chemiluminescence immunoassays (ICL) [115] and enzyme-linked 
immunoassays (EIA) [136], have all been used for thiol analysis. It is not always 
necessary for the sample to undergo complex pre-treatment stages when using these 
techniques [137] which can make them a preferential choice over the other techniques 
previously described. Immunoassays are however generally more expensive to run 
than chromatographic methods due to the high cost of reagents even though the labour 
costs are considerably lower. 
 
 Enzymatic assays that allow the selective determination of low molecular 
weight thiols have also been developed. One example is the Carolina Liquid 
Chemistries
(™) assay which is used for the selective determination of homocysteine. 
This method allows homocysteine to be detected without the use of specialised 
equipment [91] and can therefore offer a number of advantages over the more 
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traditional analytical approaches used. The
 
colorimetric three enzyme assay (Scheme 
1.12) is reliant upon an enzyme cascade that offers superior selectivity for 
homocysteine analysis. In addition, the recycle loop offers an in assay amplification 
of the response and the end measurement is based on the nicotinamide adenine 
dinucleotide, NADH/NAD system which has long been a mainstay of clinical 
biochemistry labs. As such it offers technical and cost advantages when compared to 
the previously mentioned analytical techniques along with a sufficient level of 
analytical performance, accuracy and precision, required for routine screening 
applications [138]. 
 
 
Scheme 1.12 The Carolina Liquid Chemistry
TM
 assay for homocysteine (HCYS) [91,138]. 
 
Each method described for the analytical determination of sulphydryl thiols 
has different levels of accuracy and precision. Studies on the performance of the 
aforementioned methods used for the analysis of the thiol species in question have 
shown some significant inconsistencies. Some of these studies have highlighted that 
the different methods get results that are comparable to one another [139-140], whilst 
other studies have contradicted this, showing large differences in the accuracy of the 
measurements, depending on the method used and the testing laboratory [141]. These 
factors highlight the need for new methods to be developed that can allow for the 
accurate and standardised analysis of cysteine, homocysteine and glutathione. 
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1.6. Conclusions 
 
 It is clear that the reduced sulphydryl thiols studied have a crucial role to play 
within the effective running of the human body [14-16] and that they are key players 
when it comes to the pathogenesis of certain debilitating diseases [1-8]. Current 
methods used for the determination of these species within biological samples are 
restricted by a number of factors including speciation and sensitivity issues [9]. This 
means that analysis, at present, can only be carried out in the specialised central 
laboratory and even then the results obtained can often be erroneous or ambiguous. A 
large amount of research is currently focussed upon investigating the cause or effect 
nature of these molecules within disease [3,7,13,77,83]. Many researchers are also 
trying to develop new techniques that would facilitate the rapid, reliable and selective 
determination of thiol species within biological samples [17,90-91,104,106,115,141]. 
It is hoped that the discoveries made will enable us to gain a better understanding of 
these diseases and to develop better analyitical methods that can facilitate disease 
diagnosis, which could ultimately result in the prevention of disease progression.  
 
1.7. Project Aim and Objectives 
 
The aim of the present project is to develop a range of novel electroanalytical 
approaches that could be used to monitor the sulphydryl thiol compounds: cystiene, 
homocysteine and glutathione within biological samples. The core objectives were 
centred upon the development of methods that would:- 
 allow interference free thiol analysis, 
 enhance the sensitivity of thiol analysis, 
 provide a reagentless sensing method for the determination of thiol species, 
 allow the selective and unambiguous detection of thiol species, and  
 facilitate the detection of biologically relevant molecules, primarily thiol 
species at the point of care. 
 
Numerous routes to achieve these objectives have been investigated but the 
majority of the work carried out has focused upon the preparation, examination and 
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characterisation of a range of quinone materials, in the hope that the chemical 
properties of these compounds could be exploited to meet the project aim.  
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Abstract 
 
Electroanalytical techniques have a number of advantages including their high 
sensitivity, low cost and versatility. This, along with the compact nature of the sensing 
area, makes them ideal for use within clinical analysis, particularly the point of care 
diagnostic sector. For this reason these techniques, primarily cyclic voltammetry and 
square-wave voltammetry, have been used extensively throughout this project in an 
attempt to develop new routes for the analysis of reduced sulphydryl thiols. This 
chapter therefore provides an overview of these procedures. Supplementary 
techniques, electrochemical quartz crystal microbalance and spectrophotometry, used 
to a lesser extent throughout the project are also discussed. 
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2.1. Introduction to Electrochemistry 
 
Electrochemistry is the study of chemical species by looking at the electron 
transfer reactions that can occur at an electrode-solution interface. The low cost, 
availability of numerous operational set ups and the wide variety of electrode 
materials available means that electrochemical methods are a popular choice for a 
range of different applications, including qualitative and quantitative clinical analysis 
[1-2]. Electrochemical techniques can be used directly or can be integrated into other 
analytical systems, such as chromatographic methods [3-4]. This can provide the 
selective and sensitive analysis of a range of analytes within a variety of different 
biological samples, including therapeutic drugs [3,5], neurotransmitters [4,6], amino 
acids [7], electrolytes (e.g. sodium, potassium and calcium ions) [2] and the thiol 
compounds (cysteine, homocysteine and glutathione) [8-9] associated with this 
project. 
 
2.2. The Electrochemical Cell 
 
In order to study electrochemical processes successfully it is necessary to have 
a certain operational set up. This is defined as the electrochemical cell which consists 
of 2 or 3 electrodes (electron conductors) and an electrolyte / test solution (ionic 
conductor). The electrodes are linked to a potentiostat. This controls the potential of 
the system whilst measuring any changes in current that occur at the electrode-
solution interface. The electrode configuration used will vary depending on the 
electrochemical technique being implemented. A reference electrode (RE) and a 
working electrode (WE) will be present in a 2 electrode configuration and an 
additional auxillary or counter electrode (AE or CE) will be present in a 3 electrode 
set up. 
 
2.2.1. Reference Electrodes 
 
Reference electrodes are a crucial component of the electrochemical cell as 
they provide a stable and reproducible potential against which the potential of the 
working electrode can be measured. A range of different reference electrodes are 
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available. Each has a number of advantages and disadvantages which will determine 
if and when they are used. The silver/silver chloride half cell reference electrode was 
used primarily throughout this work because these electrodes are cheap, easily 
constructed and can be conveniently incorporated within the electrochemical cell. 
 
The set up of the silver/silver chloride electrode is illustrated in Figure 2.1. It 
consists of a silver wire coated with a layer of silver chloride immersed in a solution 
of potassium chloride, typically 3M, contained within a glass sheath. This set up is 
separated from the test solution via a porous frit which acts as a salt bridge allowing a 
slow outflow of KCl enabling electrical contact with the test solution.  
 
 
Figure 2.1 Schematic illustrating the set up of the silver/silver 
chloride reference electrode [1]. 
 
AgCl(s)  + e
-
 ↔ Ag(s) + Cl
-
(aq)  Equation 2.1 
 
The electrode reaction occurring within the silver/silver chloride half cell is 
given in Equation 2.1 and the electrochemical processes taking place can be 
described using the Nernst equation (Equation 2.2). 
 
 
Where; E, is the electrode potential; E
0
, is the standard electrode potential; R, is the universal gas 
constant (8.314 J K
-1
 mol
-1
); T, is the temperature (K); n is the number of electrons involved in the 
reaction; F, is the Faraday constant (96485 C mol
-1
); a is the activities of the oxidised and reduced 
species and  
b
 and 
a
 is the stoichiometry of the reduced and oxidised species. 
 
Equation 2.2 The Nernst Equation [1]. 
Chapter 2 – Core Methodologies  41 
   
 If the Nernst equation is examined for the silver/silver chloride reference 
electrode it can be concluded that the potential of the electrode will be controlled 
solely by the activity of the chloride ions present as the activities of the silver metal 
and the silver chloride solid are both unity. As such, with a saturated and therefore 
invariable concentration of chloride ions, assuming that the chloride activity is unity 
and that the system is under standard conditions, then the reduction potential of the 
AgCl/Ag couple (Equation 2.1) is +0.222V. For the set up in Figure 2.1 the activity 
of the chloride ions is not unity and so the potential of the couple at 25ºC is +0.197V 
[1]. 
 
2.2.2. Working Electrodes 
 
The working electrode is the conductor at which the reaction of interest will 
occur.  A variety of different working electrodes are available and so the one selected 
for an experiment will vary depending upon the redox properties of the species under 
study and the background current that is generated from that electrode. These 
electrodes can be made from a range of different materials including carbon, mercury 
and noble metals, such as platinum or gold [2]. 
 
Carbon electrodes make excellent working electrodes as they can be used over 
wide operating potentials, have low background currents and are chemically inert 
[2,10]. A variety of different carbon electrodes are available including the glassy 
carbon electrode, printed carbon electrodes and carbon fibre electrodes. Glassy or 
vitreous carbon electrodes are a very popular choice for use as a working electrode as 
they have excellent mechanical and electrical properties. They are easy to use and 
have a simple pre-treatment process which involves polishing the electrode surface 
with alumina particles followed by ultrasonic cleaning in deionised water which can 
enhance the electrodes response and ensure that the data obtained is reproducible [2]. 
Printed carbon electrodes have had much success for research and industrial 
applications [11-13]. These electrodes are cheap and are easily fabricated by printing 
conductive inks, containing graphite, binders and solvents onto the desired electrode 
substrate [11]. They are ideal for sensing purposes because the conductive ink can be 
tailored by the addition of certain modifiers, such as inorganic compounds [12-13], 
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organic compounds [14] and enzymes [13,15] which will impart functionality onto the 
electrode surface which can subsequently enhance the electrodes selectivity, 
sensitivity and overall all round performance [16]. 
 
2.2.3. Auxiliary or Counter Electrode 
 
The auxiliary or counter electrode is added to the electrochemical cell when 
the electrochemical method being used is a controlled potential technique. The 
counter electrode is the current carrying electrode that allows the electrons to flow 
through the system without the potential of the reference electrode being affected. 
This is important as it ensures that the potential measured at the working electrode is 
measured against a stable potential therefore guaranteeing the accuracy of the results. 
These electrodes are made from chemically inert materials, such as carbon or 
platinum [2,10].  
 
2.2.4. The Test Solution 
 
Electrochemical measurements are typically carried out in a test solution. This 
is a solvent medium that contains the electroactive species under study and a 
supporting electrolyte. The choice of solvent will depend on a number of factors 
including the solubility and activity of the electroactive species and the physical 
properties of the solvent (i.e. the electrical conductivity, the electrochemical activity 
and the chemical reactivity). Commonly used solvents include water, acetonitrile, 
dimethyformamide, dimethylsulfoxide and methanol. It is important the solvent used 
does not react with the electroactive species and/or undergo any electrochemical 
reactions over the potential range being examined. The supporting electrolyte is 
present to decrease the resistance of the solution therefore removing any 
electromigration effects. It also ensures that the ionic strength of the solution remains 
constant. The electrolyte must be inert to the system under study and is commonly an 
inorganic salt, an acid or a buffer, with the latter being particularly useful when the 
pH of the cell needs to be maintained [2-10]. 
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2.2.4.1. Brittion-Robinson Buffer 
 
Britton-Robinson buffer was used primarily as the test solution throughout this 
thesis. It consists of a mixture of acetic, boric and phosphoric acids, all at 0.04M and 
it is adjusted to the required pH via the addition of sodium hydroxide. It can be used 
over the pH range from 2 to 12 which makes it ideal for electrochemical analysis. 
 
2.3. Oxygen Removal 
 
In many experiments it is necessary to remove any dissolved oxygen from the 
cell before making any measurements. This is essential as oxygen is easily reduced 
via two 2e- transfer steps, Equation 2.3 and 2.4 [2]. 
 
O2 + 2H
+
 + 2e
-
 ↔ H2O2  Equation 2.3[2] 
H2O2 + 2H
+
 + 2e
-
 ↔ 2H2O   Equation 2.4[2] 
 
Both of these steps produce large background currents which may interfere 
with the results obtained. Oxygen can be removed from the system using a variety of 
different methods including the use of nitrogen-activated nebuisers, electrochemical 
or chemical zinc scrubbers and chemical reduction. The easiest route used is to purge 
the system with an inert gas, typically nitrogen prior to the experiment, followed by 
blanketing the solution with the gas whilst making any measurements. This route of 
oxygen removal was used when necessary during this project [2]. 
 
2.4. Mass-Transport  
 
Since electrochemical measurements are performed at an electrode-solution 
interface in order for a redox reaction to occur the electroactive species must be 
transported from the bulk solution to the electrode surface, this process is called mass 
transport. As the overall rate of a reaction is determined by the slowest reaction step 
mass transport effects can have a significant effect on the rate of the reaction and 
therefore may need to be considered when interpreting the data produced. Three 
modes of mass transport are significant: diffusion, convection and migration [2, 10]. 
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The flux (J), is used to measure the rate of mass transport at a fixed point and 
is defined as the number of molecules moving into a unit area of an imaginary plane 
in a unit of time. It is described, for movement in one dimension, using the Nernst-
Planck equation (Equation 2.5) [2]. 
 
 
Where; J, flux (cm
-2
s
-1
); x, distance (cm); t, time (s); D, diffusion coefficient (cm
2
s
-1
); dC(x,t)/dx, 
concentraton gradient; z, charge of the species involved; F, the Faraday constant (96485 C mol
-1
); C, 
concentration (mol
-1
dm
-3
); R, the universal gas constant (8.314 J K
-1
 mol
-1
); T, temperature (K); 
dΦ(x,t)/dx, potential gradient and V(x,t), hydrodynamic velocity in the x direction. 
 
Equation 2.5 The Nernst-Planck equation [2] 
 
Equation 2.5 is quite complex but the situation can be made easier as the 
effects caused by convection and migration can be removed by using a quiescent 
solution and by adding an excess of inert electrolyte respectively.  
 
2.4.1. Diffusion 
 
Diffusion is the movement of components 
from a region of high concentration to a region of 
low concentration down a concentration gradient 
as highlighted in Figure 2.2. This movement 
occurs in an attempt to try and minimize 
concentration differences within the cell. 
According to Fick’s first law of diffusion 
(Equation 2.6) the rate of diffusion or 
diffusional flux (j, mol cm
-2
 s
-1
) for a species B at 
a distance x from the electrode surface is proportional to the concentration gradient of 
the species at that point [2]. 
 
Where; j, diffusional flux (mol cm
-2
 s
-1
); [B], is the concentration of species B (mol
-1
dm
-3
); D is the 
diffusion coefficient for B (cm
2 
s
-1
) and dx, distance (cm). 
 
Equation 2.6 Fick’s first law of diffusion [2]. 
Figure 2.2 The process of 
diffusion [2] 
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To study diffusion changes over time, for example the diffusion of B from x 
plus dx to x during the time interval dt (s), Fick’s second law of diffusion (Equation 
2.7) must be used [2]. 
 
Equation 2.7 Fick’s second law of diffusion [2]. 
 
2.4.2. Convection 
 
Convection is the movement of components to the electrode surface as a result 
of the application of a mechanical force to the solution. This can be natural 
convection which arises due to thermal and/or density differences within the solution 
or it can be forced convection which can be achieved by bubbling gas through the 
solution, by mechanical stirring of the solution or by pumping the solution over the 
electrode surface [2]. Forced convention usually has well-defined hydrodynamic 
behaviour and as a result the concentration changes over time can be defined using 
Equation 2.8. 
 
Where: vx is the velocity of the solution.  
Equation 2.8 The equation for convection [2]. 
 
2.4.3. Migration  
 
Migration is the movement of charged particles due to the electric field 
produced at the interface as a result of the differences in the electrical potentials of the 
2 phases (the electrode and the solution), i.e. cations are attracted by a negatively 
charged field and repelled by a positively charged field, the reverse is true for anions. 
The migratory flux (jm) of an ion is proportional to the concentration of the ionic 
species [B], the electric field (dΦ/dx) and the mobility of the ion (u) as indicated in 
Figure 2.3 [2]. 
 Figure 2.3 Representation of migration [2]. 
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2.5. Voltammetry 
 
Voltammetry is the term given to the collection of electrochemical techniques 
that measure the changes in current (amps) at the working electrode when a potential 
(volatge) is applied to the system. There are a range of different methods including 
staircase voltammetry, stripping voltammetry, polarography, cyclic voltammetry and 
square-wave voltammetry. The last two techniques have been used extensively 
throughout this work due to their usefulness in quantitative analysis [1,2,10]. 
 
2.5.1. Cyclic Voltammetry 
 
Cyclic voltammetry is a popular 
electrochemical technique used for 
obtaining qualitative information on the 
electrochemical processes taking place 
within a cell and was the main 
electrochemical method used during this 
project. It enables the redox processes of 
the electroactive species to be located 
easily and the operational set up can be 
altered to give vital information on the 
reactions occurring. Cyclic voltammetry is 
carried out by scanning the potential of the working electrode using a triangular 
waveform; here the potential is swept linearly from a potential E1 to a potential E2 and 
then back again to E1, as illustrated in Figure 2.4. During this, the redox processes of 
the electroactive species should occur altering the current observed for the system. It 
should be noted that if no backward sweep is applied to the system then the technique 
is called linear sweep voltammetry (LSV) [1,2,10].  
  
In cyclic voltammetry the potential cycling can be carried out once or several 
times so that a large amount of information can be collected on the system under 
study. As the potential of the system is changed the potentiostat will measure the 
current formed by the system producing a plot of current (I/µA) vs. potential (E/mV) 
which is called a cyclic voltammogram. The cyclic voltammogram produced can be 
Figure 2.4 Potential vs. time signal during 
a cyclic/linear sweep voltammetric 
experiment [1,2,10]. 
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very complex and will vary depending on the species under examination. A typical 
cyclic voltammogram for a reversible redox couple is highlighted in Figure 2.5. 
 
Figure 2.5 shows the 
cyclic voltammogram for the 
oxidation followed by the 
reduction of a typical reversible 
redox couple (Fe
2+
 + e- ↔ Fe3+). 
The  starting point of the 
voltammogram (Figure 2.5 A), is 
such that at this potential (E1) no 
reactions are occurring at the 
electrode surface. This results in 
the observation of a steady 
residual current as the potential is 
not sufficient to induce any 
electron transfer reactions. As the 
potential increases, from E1 to E2, during a forward scan (Figure 2.5 A→B), the 
potential will eventually reach a 
point at which the oxidation of 
the species in the solution is favourable and therefore starts to occur (Fe
3+→Fe2+ + e-). 
This oxidation is accompanied by an increase in current, an anodic current, which will 
continue to increase until the concentration of the electroactive species at the 
electrode surface reaches zero. At this point the current will then decrease as there is a 
balance between the rate constant of the oxidation and the rate of diffusion of the 
fresh starting material to the electrode surface. This whole process has generated an 
anodic peak at the potential Epa with a height of Ipa. During the backward scan, from 
E2 to E1 (Figure 2.5 B→C), for a reversible redox couple, the analogous process is 
observed. Upon scanning the potential will reach a point at which the reduction of the 
generated oxidised species (Fe
2+ 
+ e-→ Fe3+) is favourable and will therefore occur. 
Again the electrochemical processes cause an alteration in the current response 
observed. This time a cathodic current, which will create a peak that has the same 
shape as the anodic peak due to the system again being under diffusion control. This 
peak is a cathodic peak, it is formed at the potential Epc and has the height Ipc.
 
Figure 2.5 A typical cyclic voltammogram for a 
reversible redox couple (Fe
2+
 + e- ↔ Fe3+). 
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2.5.1.1. Types of Redox Couple 
 
The shape of the cyclic voltammogram produced and how the peaks formed 
are affected by altering the scan rate can provide useful information on the type of 
redox couple occurring. The general volammetric profile for the different types of 
redox couple and how the voltammogram varies when the scan rate is changed are 
discussed in Figure 2.6.  
 
 
 
a. Reversible redox couple 
 
Fast electron transfer means that on 
scanning you get oxidation in the anodic 
region and reduction in the cathodic region. 
 
When comparing the heights of the 
reduction and oxidation peaks, Ipc and 
Ipa.The ratio of the peaks should be 
approximately 1 as both peaks are of the 
same magnitude. 
 
Peak heights (Ipa and Ipc) are proportional 
to the square root of the scan rate used. 
 
b. Quasi-reversible couple 
 
This is the intermediate case between a 
reversible and irreversible couple. 
 
The formation of this couple is dependent 
on the rates of electron transfer and mass 
transport. 
 
A forward peak and a reverse peak will be 
seen in the voltammogram but the 
separation of the two peaks will depend on 
the scan rate used.  
c. Irreversible redox couple 
 
Slow electron transfer means that a large overpotential is required for a redox process to 
occur, as a result a reverse peak will only appear at extreme potentials and so will not be 
present on the cyclic voltammogram recorded. 
  
 
Figure 2.6 Types of redox couples along with a description of their characteristic properties. 
 
2.5.1.2. Reaction Mechanisms 
 
Another important application of cyclic voltammetry is that it can be used to 
identify the mechanism by which the reactions under study proceed [2,10]. These 
reactions can be classified by using E to represent the electrochemical or redox 
processes and C to represent the chemical processes taking place, the letter notation 
series follows the order in which the process first appears in the reaction sequence, 
some simple examples are highlighted in Table 2.1. 
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Classification Reaction Sequence 
CE  
(preceding 
reaction) 
The electroactive species are produced in a reaction that precedes the 
electron transfer reaction. 
       C …… Y ↔ O 
       E …… O + ne- ↔ R 
EC  (following 
reaction) 
The electron transfer reaction generates species that are chemically 
reactive. The products of this chemical reaction will not be electroactive. 
        E …… O + ne- ↔ R 
        C …… R ↔ X 
EC’ (catalytic 
reaction) 
This is a special type of EC reaction, here the chemical reaction that 
follows the electrochemical process results in the initial electroactive 
species being regenerated. 
       E …… O + ne- ↔ R 
       C …… R ↔ O 
EE The product of the first electrochemical process is electroactive and so is 
able to under go an additional electrochemical process. 
       E …… A + ne- ↔ B 
       E …… B + ne- ↔ C 
ECE This mechanism is similar to the EC mechanism but the product of the 
chemical reaction is electroactive and so can undergo an additional 
electrochemical process. 
       E …… O + ne- ↔ R 
       C …… R ↔ A 
       E …… A + ne- ↔ B 
 
Table 2.1 Different electrochemical reaction mechanisms [2,10]. 
 
2.5.2. Square-Wave Voltammetry 
 
 Square-wave voltammetry is 
a voltammetric technique that 
applies a potential waveform at the 
working electrode as illustrated in 
Figure 2.7. This waveform consists 
of a square-wave (Figure 2.7 blue) 
superimposed on a voltage staircase 
(Figure 2.7 red). During an 
experiment the current generated at 
the electrode is measured at two 
points (Figure 2.7 Point a and 
point b), the difference in the 
current, Im (Im = Ia – Ib) is then 
plotted against the staircase potential at that point (Figure 2.7 E1) to give a square-
wave voltammogram (Figure 2.8). The reduction or oxidation of chemical species is 
Figure 2.7 Square-wave wave form (square-wave 
- blue and voltage staircase - red) [1,2,10]. 
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presented as a trough or a peak on the voltammogram and the peak height recorded 
will be proportional to the concentration of the electroactive species responsible for 
the peak making the technique ideal for quantitative analysis. Square-wave 
voltammetry is regarded as being more sensitive than the other voltammetric methods 
because the current is measured at the end of each potential change (Figure 2.7; a 
and b). This creates a pause which allows the capacitive current to dissipate before 
the measurement is made leaving only the Faradaic component from the electrode 
process of interest. The removal of the capacitive current essentially means that there 
is less background noise and hence the improved sensitivity of the analysis. Square-
wave voltammetry also has the added advantage in that it is a fast analytical technique 
when compared to other methods, because once the sample has been prepared the 
measurement can be made within a matter of seconds depending on the operational 
parameters [2]. 
 
 
 
 
 
 
Figure 2.8 A typical square-wave voltammogram.  
 
 
 
 
  
 
2.6. Electrochemical Quartz Crystal Microbalance  
 
 The electrochemical quartz crystal microbalance (EQCM) is an important 
instrument that is based upon the electrochemical methods previously described. It is 
a useful technique as it can measure the electrochemical parameters as well as any 
mass changes that occur at the electrode surface. An EQCM works by utilising the 
piezoelectric qualities of a quartz crystal to measure changes in the attached surface 
mass. A quartz crystal, illustrated in Figure 2.9, is coated on both sides with a metal, 
typically platinum or gold. One side of the crystal is exposed to the electrochemical 
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solution and is used as the working electrode whilst the other side is exposed to the air 
within the sensor completing the electrochemical circuit [2,17]. 
 
 
 
Figure 2.9 Photograph of a platinum coated quartz crystal (a) the front (working electrode) and 
(b) the back (electrical contacts). 
 
The sandwiched construction of the crystal is such that during use an electric 
field is produced. This causes a mechanical oscillation within the bulk of the crystal 
which will resonate at a certain frequency. Any reactions that result in changing the 
mass of the electrode/crystal surface exposed to the cell solution will also alter the 
resonant oscillating frequency of the crystal. The frequency change (Δf) can be related 
to the mass change (Δm) according to the Sauerbrey equation (Equation 2.9) [2]. 
 
Δf = -2Δmnf0
2
 / A √µρ 
Where: 
Δf is the frequency change (Hz) 
Δm is the mass change (g)) 
n is the overtone number 
f0 is the resonant frequency of the crystal 
A is the area (cm
2
) 
µ is the shear modulus of quartz (2.95 x 10
11
 g cm
-1
 s-
1
)  
ρ is the density of quartz (2.65 g/cm3) 
 
Equation 2.9 The Sauerbrey equation [2]. 
 
The set up of the EQCM can be adjusted so that a range of parameters can be 
recorded during an experiment. Such parameters include frequency changes (Hz), 
mass changes (g), differences in time (s), potential (V) and current (A). An example 
of how such data can be presented is illustrated in Figure 2.10. This shows a plot of 
Δfreqeuncy vs. potential for a solution of silver nitrate (1mM, 0.1M nitric acid). 
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Figure 2.10 A typical EQCM profile for the 
electrochemistry of silver (silver nitrate, 1mM, 0.1M 
nitric acid). 
 
 
 
 
 
According to the Sauerbrey Equation an increase in mass at the electrode 
surface during an experiment/reaction is defined by a decrease in the oscillating 
frequency of the crystal, as indicated in Figure 2.10 A for the reduction of silver ions 
to silver metal which is subsequently deposited onto the electrode surface. Likewise a 
decrease in mass is defined by an increase in frequency, as illustrated in Figure 2.10 
B. for the oxidation of the silver metal to its ions and the subsequent loss of silver 
from the electrode surface. 
 
 The EQCM is a very sensitive device as it is able to monitor extremely small 
mass changes down to 1ng/cm
2
 [2]. It has a number of applications including 
monitoring deposition [10-11], dissolution [12] and uptake processes during 
electrochemical experiments and it is also useful for studying the formation and 
properties of polymer films [13-14]. 
 
2.7. Spectrophotometry 
  
Spectrophotometry is any technique that exploits light to measure the 
concentration of certain species within a sample. There are a range of 
spectrophotometric methods available that vary depending on the type of light used 
including: Infrared Spectroscopy and Ultraviolet-Visible Spectroscopy, the latter has 
been used during this project and therefore will be discussed over the next few pages.  
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2.7.1. Ultraviolet-Visible Spectroscopy 
 
Ultraviolet-Visible (UV-VIS) spectroscopy is an analytical technique that uses 
radiation from the ultraviolet and visible regions of the electromagnetic spectrum to 
gain quantitative information on the system under study. The absorption of ultraviolet 
or visible radiation by the sample causes an electronic transition within the molecule. 
An electron in one molecular orbital is excited to another molecular orbital that has a 
higher energy state and this corresponds to a transition from the ground state, the 
lowest energy state of the molecule, to an excited state (*). The transitions that are 
possible are illustrated in Figure 2.11 [1]. The energy of visible radiation is only 
strong enough to cause n → π* or π→ π* transitions and it is these transitions that 
result in a compound being coloured. The bonds present within these compounds 
responsible for the transition are called chromophores. 
 
 
Figure 2.11 The possible electronic transitions available when irradiating with ultraviolet-visible 
radiation [1]. 
 
The light being absorbed by the sample can be measured using a 
spectrophotometer as the intensity of the emitting beam of light will decrease as it 
passes through the sample. If P is the intensity of transmitted light (the intensity of the 
light coming out of the sample) and P0 is the intensity of the emitted light (the 
intensity of the light going into the sample) then the percentage of the light 
transmitted through the sample, the absorbance (A) can be defined by Equation 2.10, 
a version of the Beer-Lambert law. 
 
 A = log [P0/P]  
Equation 2.10 [1] 
 
The absorbance is the parameter that is measured in the majority of ultraviolet-
visible procedures and it is normally measured as a function of the wavelength to 
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produce a spectrum. The spectrum produced will vary depending on the species 
present. A typical spectrum will look like the one illustrated in Figure 2.12 for a 
solution of naphthazarin (5,8-Dihydroxy-1,4-naphthoquinone, 522µM, pH 7). 
 
 
 
 
Figure 2.12 A typical UV-VIS spectra for 
naphthazarin. 
 
 
 
 
 
 
The absorbance peak is typically broad, spread out over a number of different 
wavelengths because vibrational and rotational transitions are often superimposed on 
top of the electronic transitions. As a result the wavelength that corresponds to the 
maximum absorbance is typically used to provide quantitative information on the 
system. According to the Beer-Lambert law, Equation 2.11 form, the concentration 
of an absorbing compound in the sample is directly proportional to the absorbance 
measured.  
A = εcl 
Where: 
ε is the molar absorptivity (M-1 cm-1) 
l is the sample path length (cm) 
c is the concentration of the chromophore in the sample (M) 
Equation 2.11 Beer-Lambert law [1]. 
 
The molar absorptivity calculated will be characteristic of the compound under 
study and tells us how much light is absorbed by that compound at a particular 
wavelength. It therefore gives an indication of the strength of the chromophore 
present. Beer’s law holds true for dilute solutions, typically those having a 
concentration of less than or equal to 0.01M and when the instrument is using 
monochromatic radiation (light of one colour or one wavelength). 
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For UV-VIS spectroscopy to be used for accurate and precise quantitative 
analysis an analyte must be able to absorb light from a portion of the ultraviolet or 
visible spectrum that is distinguishable from the other components within the sample. 
The technique is normally very accurate but can be limited as not all compounds have 
strong native chromophores which can affect the selectivity and sensitivity of the 
procedure. This problem can be resolved by reacting the target analyte with a UV-VIS 
label so that upon reacting a coloured conjugate is formed that can be quantified more 
effectively. The labels chosen should be selective to the analyte and should ideally 
produce conjugates that are strong chromophores [1]. 
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Chapter 3 
 
Exploiting Silver-Thiol Interactions for Thiol Analysis 
 
Abstract 
 
 This chapter describes the work, primarily electrochemical quartz crystal 
microbalance (EQCM) studies, that has been carried out to investigate silver-thiol 
(Ag-SH) interactions. The explotation of these interactions, as a potential sample 
preparation route, to enhance the analysis of thiol compounds is evaluated. The 
reaction procedure developed during this chapter relies initially upon the deposition of 
a silver layer onto an electrode substrate followed by its electrochemical manipulation 
to bring about thiol binding and then release. It was envisaged that this process would 
be able to facilitate the removal of any possible sample interferants, whilst 
concentrating the thiol species the electrode assembly, improving the performance of 
the assay that follows. The results displayed in this chapter are contrary to what was 
expected. It was found that the electrochemical silver-thiol release mechanism varied 
considerably depending on the chemical structure of thiol compound used. In some 
cases, the expected reaction mechanism was observed when the electrode substrate 
was subjected to a reducing potential. Here the thiol compound was released from the 
substrate surface whilst the silver layer was retained. However, when the carboxylic 
acid functionality was present on the thiol compound both the thiol species and the 
pre-deposited silver layer were removed from the substrate surface. The mechanism 
behind this removal has been studied and tentatively assessed.  
 
The work presented in this chapter has been accepted for publication within 
International Journal of Elctrochemistry 
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3.1. Introduction 
 
The ultimate goal of any analytical technique, regardless of the testing 
environment, is the production of results that are accurate and reliable. The successful 
achievement of this goal can be complicated by many factors including: pre-analytical 
errors (e.g. sample collection, sample storage and sample labelling), analytical errors 
(e.g. sample preparation and insufficient analytical performance of the chosen 
technique) and post-analytical errors (e.g. result misinterpretation and report writing 
faults) [1-3]. 
 
 The analysis of biologically relevant molecules within clinical samples can be 
particularly complex because the samples used for analysis contain a plethora of 
different components. Some of these components can interfere with the analytical 
procedure, influencing the results obtained, which can affect how the data produced is 
interpreted. If erroneous conclusions are drawn it can have potentially severe 
detrimental effects on the overall clinical outcome for the patient [1,4]. Clinical 
analysis can also be complicated because in some cases the analyte may only be 
present in the sample at trace concentrations. This can make sensitive and selective 
analysis increasingly more difficult [5-6]. Both of these factors pose a significant 
hurdle when trying to develop new analytical strategies that can be used for the fast, 
reliable and selective determination of reduced sulphydryl thiol species within 
biological fluids [7-8]. The level of complexity being increased further as technology 
is driven from conventional laboratory type diagnostics to those which can be used at 
the point of care [6]. 
 
Point of care testing (POCT) can be defined as any type of diagnostic test that 
is performed outside of the laboratory [9]. This type of testing has become 
increasingly popular in recent years given the current economic climate and the 
increased pressures being put on healthcare providers by the government and by 
patients to provide a better quality service. The simplicity, speed and the low cost of 
point of care testing makes it an ideal solution [10-11]. A multitude of various tests 
are currently available for use within the point of care environment and these utilize a 
range of different analytical techniques as the detection strategy with the more 
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successful devices utilizing either optical or electrochemical methods [12-13]. When 
using electrochemical methods as the sensing solution precautions may need to be 
taken to ensure that the accuracy of the underlying methodology is maintained.  
 
One of the main areas for concern is the sample composition, a number of 
electroactive substances (e.g. tryptophan, tyrosine, ascorbic acid and uric acid) are 
present. These can cause a considerable amount of interference during the final 
analysis because they can be easily oxidised within the potential windows typically 
used which can result in the current response observed for the analyte being obscured. 
Incorporating chromatographic separations into the analytical procedure can 
effectively remove these sample interferants, this gives results that are based solely on 
the the signal generated from the analyte present making the results more accurate and 
reliable [14-16]. However, the instrumentation size and complexity, along with the 
cost constraints associated with these methods means that they are not ideal for 
implementation within a point of care type diagnostic system and as such alternative 
routes must be developed that will allow interference free analysis. A route that could 
simultaneously concentrate the analyte at the sensing area would also be 
advantageous.  
 
The work presented in this chapter has sought to study silver-thiol interactions, 
examining the possibility that these processes could be exploited to form the basis of a 
sample processing step, to aid thiol pre-concentration and interference removal during 
analysis. It is well known that thiol compounds interact with a range of metal 
substrates, including gold, silver, and copper to form very stable metal-sulphur bonds 
or metal-thiolate complexes [1,17-18]. Although the nature of these types of 
interactions are not fully understood some theories have been hypothesised:- 
 
 The bond is formed by the cleavage of the sulphur-hydrogen bond on the thiol 
compound (homolysis) followed by the spontaneous formation of the covalent 
metal-sulphur bond with the metal substrate [19].  
 The bond is formed as a result of the sulphydryl group on the thiol molecule 
donating some of its electron density to the metal substrate which 
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subsequently results in the thiol species being chemisorbed onto the metal 
surface [19]. 
 
 Even though the metal-sulphur bonds formed are as a result of a very strong 
and stable interaction they can be easily broken via a number of routes including heat 
treatment [20] and electrochemical methods [21], this will result in the thiol 
compound being released from the metal surface.  
 
The study of these metal-thiol systems is appealing as they are easily prepared 
and can be used to study fundamental and applied surface interactions. These systems 
have been useful in a number of applications, including thiol analysis. Here the 
binding or release of the thiol compound onto or from the substrate allows the thiol 
species to be selectively determined. It has been reported that the thiol molecules in a 
test solution will accumulate at a metal surface, due to the interaction between the 
sulphydyl group and the metal, which results in the electrochemical response being 
observed during the analyte stripping step being enhanced as the thiol has essentially 
been pre-concentrated at the electrode surface. The use of these types of systems can 
however be limited as it can take a long time for the thiol compounds to accumulate at 
the electrode surface [22].   
 
The work presented in this chapter has sought to exploit the metal-thiol 
interactions previously described to provide a possible route for the analysis of 
cysteine, homocysteine and glutathione. The basis of the approach lies firstly in the 
functionalisation of an electrode surface with silver via conventional electrodeposition 
methods [23-24] and the subsequent modification of the surface with the thiol species. 
It was envisaged that the silver layer could be electrochemically manipulated to 
overcome the slow thiol accumulation problems currently experienced by researchers. 
It was hoped that upon oxidation of the modified silver electrode, in the presence of 
the thiol species, that the silver ions generated would bind directly with the sulphur 
functionality on the thiol compounds resulting in the instantaneous formation of a 
silver-thiol complex. This should be insoluble and thus deposited at the electrode 
surface as illustrated in Figure 3.1 (2).  
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Figure 3.1 Schematic illustrating 1. some common sample components 2. the thiol accumulation 
route at the electrode surface and 3. the removal strategy for some common sample components 
(Tryp- tryptophan, UA- uric acid, HCYS- homocysteine, Tyr – tyrosine and AA- ascorbic acid). 
 
The schematic in Figure 3.1 also shows some of the other electroactive 
sample components that can act as interferants (Figure 3.1 (1)) and how they would 
be removed from the sensing platform during the processing step (Figure 3.1 (3)). 
 
The electrochemical reduction of the silver-sulphur bond should follow 
conventional routes whereby the thiol is released, allowing it to be detected, and the 
silver is re-deposited onto the electrode substrate [22]. A variety of thiol compounds 
(Table 3.1) have been investigated in an effort to elucidate the underlying dynamics 
of the interfacial processes involved.  
  
Table 3.1 Thiol compounds examined. 
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These studies were facilitated through a combination of electroanalytical 
investigations, electrochemical quartz crystal microbalance (EQCM) studies, 
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) and 
Transmission Electron Microscopy- Energy-Dispersive-X-ray spectroscopy (TEM-
EDX). 
 
3.2. Experimental Details 
 
All reagents were of the highest grade available, were used without further 
purification and unless stated otherwise were purchased from Sigma Aldrich (UK) or 
Alfa Aesar (UK). The silver nitrate solution (typically 1mM) was prepared in a 0.1M 
solution of sodium nitrate. Stock thiol solutions: cysteine, homocysteine, glutathione, 
N-acetyl-D-cysteine, 3-mercaptopropionic acid, propanethiol and 3-mercaptopropanol 
along with the methionine solutions (typically 10mM) were also prepared in 0.1M 
sodium nitrate. Electrochemical measurements were conducted using a μAutolab 
computer controlled potentiostat (Eco-Chemie, Utrecht, The Netherlands) coupled to 
a electrochemical quartz crystal microbalance (EQCM) (Maxtek INC, USA) using a 
three electrode configuration consisting of a 5 MHz Titanium / Platinum crystal 
(Maxtek INC, USA) as the working electrode, a platinum wire counter electrode and a 
3M NaCl Ag | AgCl half cell reference electrode (BAS Technicol, UK). The scan rate 
in all cases was 50 mV/s and unless specified otherwise all measurements were 
conducted at 22
o
C ± 2
o
C. 
 
Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 
experiments were conducted on an ICP-OES 2100 DV instrument (Perkin Elmer, UK) 
and a solution of 0.1M nitric acid was used to prepare the calibration standards and 
the sample solutions. Full ICP-OES experimental details and results can be found in 
appendix 1. Transmission electron microscopy-energy dispersive X-ray spectroscopy 
(TEM-EDX) studies were carried out using a JOEL JEM-2100 TEM (Oxford 
elemental analysis, UK) using a copper mess sample support grid. 
 
 
 
Chapter 3 - Exploiting Silver-Thiol Interactions for Thiol Analysis 65 
   
3.3. Results and Discussion 
 
The electrochemical 
properties of a solution of silver 
nirate (1mM, 0.1M NaNO3) were 
investigated at a platinum coated 
quartz crystal working electrode. 
Conventional silver electrochemistry 
was observed with the reduction and 
oxidation process being seen at -
0.11V and 0.09V respectively. 
Figure 3.1 shows the corresponding 
EQCM results which confirms that 
these redox processes are occuring. 
The electrodeposition of the silver 
can be seen upon the application of a 
reducing potential, represented by a 
decrease in frequency (Δf), which corresponds to the increase in mass at the electrode 
surface as the silver ions are reduced and deposited onto the electrode (Figure 3.1 
A.). Silver stripping can also be seen as the oxidative potential is applied and is 
represnted by an increase in the frequency, which corresponds to the decrease in mass 
at the electrode surface as the silver layer is lost (Figure 3.1 B.). 
 
The silver-thiol binding and release processes were then investigated. The 
EQCM profile for the experiment in the presence of homocysteine is highlighted in 
Figure 3.2 (A) with the schematic Figure 3.2 (B) illustrating the interactions occuring 
at the electrode-solution interface during the different stages (1 to 7) of the 
experiment (as annotated within Figure 3.2 (A) and (B)), for clarity a larger version 
of this figure is provided in appendix 1. 
Figure 3.1 EQCM results for the 
electrochemistry of silver nitrate (1mM, 
0.1M sodium nitrate). 
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Figure 3.2 (A) EQCM profile and (B) corresponding explanatory schematic for the interaction of 
silver with homocysteine during the stages (1 to 7) of the experiment. 
 
 Silver was electrodeposited, at a reductive potential of -0.4V, onto the 
platinum coated quartz crystal (working electrode) from a solution of silver nitrate 
(1mM, 0.1M NaNO3). A decrease in the frequency is observed (Figure 3.2 Stage 1) 
and corresponds to the increase in mass at the electrode surface as the silver layer is 
deposited. The potential of the electrode was then returned to 0V. This was to ensure 
that the deposition step had produced a stable silver layer and is confirmed by the 
constant frequency observed during this process (Figure 3.2 Stage 2). The modified 
crystal was removed, rinsed and placed into a solution of 0.1M NaNO3. The electrode, 
no potential applied, was allowed to equilibriate (Figure 3.2 Stage 3) and a solution 
of homocysteine (10mM, 0.1M NaNO3) was then added to the cell (Figure 3.2 Stage 
4). Upon this addition no changes in the frequency of the crystal were observed. This 
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indicates that there are no interactions between the thiol compound and the silver 
layer. On the imposition of an oxidising potential, +0.5V (Figure 3.2 Stage 5) a 
decrease in the crystal frequency is observed. This can be attributed to the stripping of 
Ag
0
 to Ag
+
, the formation of the silver-thiolate complex and its deposition at the 
electrode surface as expected. This newly formed complex was stable under the 
oxidative potential and at 0V (Figure 3.2 Stage 6). It was anticipated that upon the 
imposition of a large reducing potential, -1.0V (Figure 3.2 Stage 7) that the silver-
sulphur bond would be reduced and broken causing the thiol compound to be released 
and the retention of the silver, as Ag
0
, at the electrode surface. This process would 
cause the frequency of the crystal to return to the same point that it was at prior to 
thiol addtion (Figure 3.2 (A) blue dashed line).  However, in this instance this was 
not the case and the application of the reducing potential caused the frequency of the 
crystal to return to almost the same value that was observed for the clean platinum 
crystal. This suggests that the thiol and the electrodeposited silver layer had been lost 
(Figure 3.2 (A) red dashed line). 
 
Visual examination of the crystal surface confirmed that the entire 
electrodeposited silver layer had been removed. This removal was reinforced by the 
apperance of colloidal silver aggregates within the interfacial solution and by the 
presence of metallic silver, determined by ICP-OES, within the interfacial and bulk 
solutions, at a concentration of 125.125µg/ml and 0.308µg/ml respectively (ICP-OES 
experimental details and results can be found in appendix 1). TEM-EDX analysis was 
carried out on dried deposits of the cell solutions so that the silver aggregates could be 
visualised. Figure 3.3 shows the TEM image of the particles (Figure 3.3 a.), the 
corresponding EDX analysis results (Figure 3.3 b.), which shows the presence of 
metallic silver reinforcing the ICP-OES results and a particle size measurement 
(Figure 3.3 c.). The last image illustrates that the silver particles released were in the 
nm size range having an approximate diameter of 33nm. The removal of the silver in 
this experiment is clearly contrary to what was expected and suggests that the 
properties of the thiol must in some way be facilitating its removal. 
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Figure 3.3 a.TEM image, b. 
EDX analysis and c. particle 
size measurement for the 
silver particles present 
within the interfacial 
solution. 
 
 
 
 
 
 
 
 
 
 
Before investigating the mechanism causing the removal of the silver particles 
it was necessary to confirm that the weight change in Figure 3.2 Stage 5 is caused by 
the interaction of the silver layer with the thiol functionaly as previously described,  
opposed to any of the other functionalities present on the homocysteine. The same 
procedure described previously was carried out but this time methionine was added to 
the electrolyte solution opposed to homocysteine. Methionine is similar in structure to 
the homocysteine but the thiol functionality is not present as the sulphur atom is 
bonded to a methyl group. It was therefore expected that upon the application of the 
oxidsing potential of +0.5V, to the silver modified electrode assembly, in the presence 
of the methionine, that no interaction would occur between the methionine and the 
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silver. The silver would therefore be lost from the substrate surface following the 
conventionial silver oxidation route seen in Figure 3.1. The resultant EQCM results 
for this system are highlighted in Figure 3.4 (A), the shape of the profile is as 
expected and Figure 3.4 (B) illustrates the interactions occuring at the electrode-
solution interface. For clarity a larger version of this figure is provided in appendix 1.  
 
Figure 3.4 (A)The EQCM profile and (B) the corresponding explanatory schematic for the 
interaction of silver with methionine during the stages (1 to 7) of the experiment. 
 
To investigate the mechanism causing silver removal the same procedure was 
repeated for the thiol species listed in Table 3.1. The same EQCM profile observed 
for homocysteine, as illustrated in Figire 3.2 (A) was also seen for cysteine, 
glutathione, N-acetyl-D-cysteine and 3-mercaptopropionic acid. A different profile 
shape was observed, as indicated in (Figure 3.5 (A)), for 3-mercaptopropane and 3-
mercaptopropanol (for clarity a larger version of this figure is provided in appendix 
1). This EQCM profile is initially similar to those previously described. Silver plating 
occurs when a reducing potential is applied to the system (Figure 3.5 Stage 1), giving 
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a stable silver layer (Figure 3.5 Stage 2). No weight changes are seen whilst the 
system equilibriates and when the thiol species is added to the solution (Figure 3.5 
Stage 3 and Stage 4). An increase in the crystal weight, as an oxidising potential 
(+0.5V) is applied to the system, is observed indicating that the stable silver-thiol 
complex has be formed (Figure 3.5 Stage 5 and Stage 6). The difference in this 
instance occurs at stage 7, on the application of the reducing potential (-1.0V), the 
expected/conventional reaction route is observed. The electrochemical reduction of 
the silver-sulphur bond occurs, this causes the release of the thiol compound and the 
retention of the silver at the electrode surface. This is indicated by the increase in 
frequency (weight lost) to the value observed prior to the addition of the thiol (Figure 
3.5 Stage 7) indicated by the blue dashed line. The retention of the silver was 
confirmed by the visual examination of the electrode surface. It was clearly apparent 
that the silver layer was intact, and ICP-OES analyis showed that no silver was 
detected in the interfacial or bulk solutions. 
 
Figure 3.5 (A) The EQCM profile and (B) the corresponding explanatory schematic for the 
interaction of silver with 3-Mercaptopropane during the stages (1 to 7) of the experiment. 
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This series of experiments illustrates that two different electrochemical 
responses are possible when applying the reductive potential of -1.0V (Stage 7) were 
either thiol release, silver release or thiol release, silver retention will occur. The 
process occuring appears to be dependent on the nature of the thiol compound present. 
Looking at the functional groups present or absent on the thiol compounds studied, it 
can be noted that, where both the thiol and the silver were lost from the electrode 
surface, that the common functionality appears to be the presence of the carboxylic 
acid group. 
 
The presence of the carboxylic acid group appears to be pivotal to the 
silver/thiol release mechanism and although the mode of action for this hasn’t been 
fully elucidated one explanation could be that the carboxylic acid groups serve as a 
conduit allowing the transfer of electro-reducible protons to the electrode surface. The 
underlying platinum on the electrode is an excellent catalytic substrate for the 
electroreduction of protons and given the application of the reducing potential (-1V) it 
could well be that the adherence of the metallic silver (or aggregate layer) is 
weakened as a consequence of the formation of an adsorbed hydrogen adlayer on the 
platinum electrode thus causing the ejection of the silver. 
 
3.4. Conclusions  
 
The results in this chapter highlight the different types of silver-thiol 
interactions that can occur depending on the functionalities present on the thiol 
compound. It is clear that it is possible to accelerate the accumulation of the thiol 
species at the substrate and also control its ejection thus providing a means of sample 
pre-concentration prior to any subsequent analysis. It has also been shown that 
depending on the nature of the thiol species used that the ejection of silver from the 
substrate can also be controlled by the application of an appropriate electrochemical 
potential. This offers a secondary application of the system as the controlled release of 
these silver nanoparticles (AgNPs), which are known to possess antibacterial 
properties [25-26], could be exploited as a route to prevent biofilm 
formation/electrode fouling within electronic medical implants. 
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Chapter 4  
 
Molecularly Imprinted Polymers: Templated Amino Acid 
Films? 
 
Abstract 
 
The development of polymer films incorporating amines, based on 
dimethylpyrrole analogues, and the assessment of these films to act as molecular 
imprinted polymers (MIPs) for the detection of the former is described. It was 
anticipated that a generic synthetic strategy could be developed, initially by using 
some simple amines as the template species, and that this could be easily adapted to 
develop MIPs for some more complex amines and amino acids, including cysteine, 
homocysteine and glutathione, thus facilitating their detection. The design 
considerations required to ensure the successful incorporation of the template, via the 
amine functionality, within the monomer, along with its subsequent 
electropolymerisation is described. It was envisaged that the substrate would be 
removed from the polymer, by the addition of hydroxylamine, which would leave 
behind a MIP with a size specific cavity that would allow substrate rebinding and 
therefore its subsequent detection when it was reintroduced into the system. It was 
however found that the addition of this reagent caused the complete dissolution of the 
polymer films and instead of creating MIPs, unique sacrificial or protective type 
polymers had been developed. These could be beneficial in the development of micro-
engineered devices were electrode patterning is problematic. Film formation and 
removal have been studied using cyclic voltammetry and electrochemical quartz 
crystal microbalance studies. 
 
The work in this chapter has been published within Electrochemistry Communications 
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4.1. Introduction 
 
Molecular imprinted polymers (MIPs) have received a considerable amount of 
interest within the scientific community over the past few years. They are able to 
facilitate the selective separation and recognition of a range of molecules including 
drugs [1-3], peptides [4], proteins [5], nucleic acids [6], hormones [7-8] and toxins 
[9]. Molecular imprinting can be achieved via a number of routes. The typical route is 
illustrated in Scheme 4.1 and involves allowing the functional monomers to interact, 
either non-covalently or covalently, with the template molecules to give a complex 
that can subsequently undergo polymerization to give the polymeric material. The 
template molecule is then extracted to give an imprinted polymer that has 
complimentary cavities for the template (same size, shape and reactive chemical 
functionalities) which allows it to rebind onto the polymer [9-10].  
 
Functional monomers
Template
Non-covalent self-assembly,
or
Covalent synthesis of
polymerisable template
Polymerisation
Template extraction
Template
specific cavity
 
Scheme 4.1 Schematic showing the typical route for the preparation of a MIP [9-10]. 
 
As the template is able to rebind to the polymeric material MIPs can be used 
for a range of applications that rely upon specific binding events, such as, catalysis 
[11-12], separation and purification techniques [7,13] and controlled drug delivery 
[10,14]. MIPs have some unique physical properties which include excellent template 
specificity, high durability, low production costs and the applicability of the technique 
to mass manufacture which makes them an ideal candidate for use within sensors. 
Here they can be an advantageous alternative to antibodies and/or enzymes that are 
conventionally used [3,5,15]. A range of MIPs have been developed for use within 
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sensors using different polymerization and transduction methods, which includes the 
template rebinding being detected by fluorescence spectroscopy [3-4], colorimetric 
methods [16-17], quartz crystal microbalance studies [18], chromatography [19-20] 
and various electrochemical methods, including voltammetry [21], potentiometry [22-
23] and amperometry [1]. The work presented in this chapter has investigated the 
development of a range of electrochemically prepared MIPs that could be used for the 
detection of a variety of compounds that possess the primary amine functionality. 
 
The approach advocated here 
was to produce a range of pyrrole 
monomers that had the amine 
functionality of the desired substrate 
incorporated within a pyrrole ring. 
This could be achieved by using 
acetonylacetone, a reagent used for 
protecting primary amine 
functionalities which upon use 
results in the formation of a 
substituted pyrrole ring via a Paal-
Knorr type synthesis, as indicated in 
Scheme 4.2 A [24]. This method 
provides a chemically robust group 
that, in conventional organic 
synthesis, allows other parts of the molecule to be modified with the amine being 
recovered in later stages through exposure to hydroxylamine (Scheme 4.2 B) [25]. 
 
Pyrrole polymerisation invariably relies upon chain growth through radical 
cation coupling at the 2 and 5 positions [26-27]. However, the reaction of 
acetonylacetone, with amines yields a pyrrole monomer where both these positions 
are blocked by methyl groups and thereby, for film formation to occur, coupling must 
proceed through the more sterically congested 3 and 4 positions (Scheme 4.2 C). It 
could be envisaged that this would impede the development of a coherent MIP and, at 
best, lead to oligomer formation as highlighted in Scheme 4.2 D. In order to 
counteract this issue a range of dipyrrolic derivatives, using some simple diamines as 
Scheme 4.2 Conventional amine protection route 
and electro-oxidation method for monopyrrolic 
monomers. 
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the substrate, were prepared, similar to the one illustrated in Scheme 4.3 (1,1’-p-
phenylenebis[2,5-dimethylpyrrole). It was anticipated that, upon oxidation, that these 
derivatives would couple through the 3 and 3’ positions on opposite pyrrole moieties 
to form a coherent film (Scheme 4.3). It was expected that this film would be 
susceptible to the reaction with hydroxylamine, thus allowing the release of the 
substrate and the formation of our MIP.   
 
 
 
Scheme 4.3 Schematic illustrating the proposed polymerisation route for the dipyrrolic monomer 
1,1’-p-phenylenebis-2,5-dimethylpyrrole. 
  
 The aim of the initial investigation was therefore to determine if this route 
could be exploited to form molecularly imprinted polymers for the detection of some 
simple diamine compounds. It was envisaged that the developed route would be 
generic and applicable to the development of MIPs capable of sensing a variety of 
other compounds containing the amine functionality, including cysteine, 
homocysteine and glutathione. In the case of the thiol species, the oxidised forms of 
the substrate (containing two amine groups) could be incorporated within the pyrrole 
monomer. The main questions that needed to be addressed within this investigation 
were:- 
 Could the monomers be synthesised? 
 Were they polymerisable? 
 Were the films produced stable?  
 Could the substrate be removed from the film through the addition of 
hydroxylamine? 
 Could the template be reincorporated into the film? 
 Could template rebinding be detected through amperometric or voltammetric 
oxidation of the reformed polymer? 
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4.2. Experimental Details 
 
4.2.1. Materials and Methods 
 
All reagents were of the highest grade available, were used without further 
purification and unless stated otherwise were purchased from Sigma Aldrich (UK) or 
Alfa Aesar (UK).  For the electrochemical investigations, the synthesised monomers 
were dissolved in a solution of acetonitrile containing 0.05M tetrabutylammonium 
perchlorate (TBAP) as the electrolyte. Electrochemical measurements were conducted 
using a µAutolab computer controlled potentiostat (Eco-Chemie, Utrecht, The 
Netherlands) using a three electrode configuration consisting of a glassy carbon 
working electrode (3mm diameter, BAS Technicol, UK), a platinum wire served as 
the counter electrode and a 3 M NaCl Ag | AgCl half cell reference electrode (BAS 
Technicol, UK) completed the cell assembly. Electrochemical Quartz Crystal 
Microbalance (EQCM) measurements were obtained using a computer controlled 
Quartz Crystal Microbalance (Maxtek INC, USA) and a polished 5MHz 
Titanium/Gold crystal (Maxtek INC, USA). Unless otherwise specified a scan rate of 
0.1V/s was used and all measurements were carried out at 22
o
C ± 2
o
C. Nuclear 
magnetic resonance (NMR) spectra were measured on a JEOL (Welwyn Garden City, 
UK) ECX 400 MHz spectrometer. Chemical shifts are reported in parts per million 
(ppm) downfield from tetramethylsilane (TMS). 
 
4.2.2. Preparation of Monomers 
 
2,5-Dimethyl-1-phenylenepyrrole (DMMP) 
Aniline (1.86g, 0.02mol), hexane-2,5-dione (2.28g, 0.02mol), 5ml of methanol 
and 2 drops of concentrated hydrochloric acid were placed into a 100ml round bottom 
flask fitted with a reflux condenser. The reaction mixture was heated under reflux for 
15 minutes, poured into 10ml of 0.5M hydrochloric acid and then cooled on ice. The 
product was collected by suction filtration, washed with water and was then 
recrystalised using a 9:1 methanol:water to give 2,5-Dimethyl-1-phenylenepyrrole 
(3.30g, 96%) as pale yellow crystals.  
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NMR data 
1
H NMR (CDCl3) δ 7.47-7.20 (m, Ar-H), 5.90 (s, Ar-H), 2.03 (s, R-H) 
13
C NMR (CDCl3) δ 12.9977, 76.6987, 77.0134, 105.6025, 127.6118, 128.2412, 129.0327 
 
 
1,1’-p-phenylenebis[2,5-dimethylpyrrole] (PPDMP) 
Phenylenediamine (1.08g, 0.01mol), hexane-2,5-dione (2.28g, 0.02mol), 15ml 
of methanol and 2 drops of concentrated hydrochloric acid were placed into a 100ml 
round bottom flask fitted with a reflux condenser. The reaction mixture was heated 
under reflux for 15 minutes, poured into 10ml of 0.5M hydrochloric acid and then 
cooled on ice. The product was collected by suction filtration, washed with water and 
the product was then recrystalised using acetonitrile to give 1,1’-p-phenylenebis[2,5-
dimethylpyrrole] (1.48g, 56%) as pale yellow crystals.  
 
NMR data 
1
H NMR (CDCl3) δ7.30-7.25 (m, Ar-H), 5.93-5.93 (m, Ar-H ), 2.08-2.08 (m, R-H)  
13
C NMR (CDCl3) δ 13.0549, 76.6987, 77.0229, 77.3376, 106.0412, 128.8229, 138.3208  
 
1,1’-Ethylenebis[2,5-dimethylpyrrole]  (EDMP) 
Ehtylenediamine (0.60g, 0.01mol), hexane-2,5-dione (2.28g, 0.02mol), 15ml 
of methanol and 2 drops of concentrated hydrochloric acid were placed into a 100ml 
round bottom flask fitted with a reflux condenser. The reaction mixture was heated 
under reflux for 15 minutes, poured into 10ml of 0.5M hydrochloric acid and then 
cooled on ice. The product was collected by suction filtration, washed with water and 
was then recrystalised using acetonitrile to give 1,1’-Ethylenebis[2,5-dimethylpyrrole] 
(1.56g, 69%) as pale brown crystals. 
 
NMR data 
1
H NMR (CDCl3) δ 5.75 (s, Ar-H), 3.93 (s, Ar-H ), 2.01 (s, R-H)  
13
C NMR (CDCl3) δ 11.8820, 43.8660, 76.6987, 77.0229, 77.3376, 105.7074, 127.6022 
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4.3. Results and Discussion 
 
Cyclic voltammograms detailing the response 
of a glassy carbon electrode to 2,5-dimethyl-1-
phenylenepyrrole (DMPP) and 1,1’-p-
phenylenebis[2,5-dimethylpyrrole]  (PPDMP) in 
acetonitrile (2mM, 0.05M TBAP) containing 
ferrocene (2mM), as an internal reference to act as a 
marker to prove that film formation is occurring, are 
shown in Figure 4.1 A and Figure 4.1 B 
respectively. Looking at Figure 4.1 A for the DMPP 
monomer, three electrode processes are observable, 
one reversible couple and two irreversible oxidation 
processes. The first corresponds to the oxidation and 
reduction of the internal ferrocene reference. The 
remaining two peaks correspond to the initial 
oxidation of the DMPP ring leading to the formation 
of the dimer and the oxidation of the electrogenerated 
product. Repetitive scans showed little change in the 
magnitude of all of the peaks observed. Restricting 
the scan range to encompass only the first oxidation 
(dimer formation or low unit oligomers) and 
employing multiple scans did not yield any 
appreciable film and confirms the earlier assumption 
that steric congestion associated with 3,4 coupling 
prevents the formation of a coherent film.  
 
Looking at Figure 4.1 B for the electrochemistry of the PPDMP monomer a 
reversible redox couple for ferrocene oxidation and reduction and an irreversible 
oxidation for the oxidation of the PPDMP can be seen. On repetitive scans a decrease 
in the magnitude of the peaks can be observed with the eventual loss of both peaks 
being seen. This indicates that a coherent PPDMP polymer film has been formed and 
the original electrode response could be recovered through the mechanical polishing 
Figure 4.1 Cyclic 
voltammograms detailing the 
response of a glassy carbon 
electrode towards A) DMPP 
monomer and B) PPDMP 
monomer. 
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of the electrode. The difference in the electrode profile for the DMPP and PPDMP 
can be attributed to the bifunctionality of the latter and its ability to couple at 
opposing ends of the molecule thereby leading to the linear chain growth and film 
formation.  
 
The integrity of the resulting PPDMP film 
was probed by examining the voltammetric response 
to ferrocyanide (2mM, pH 7) at the electrode before 
and after PPDMP film formation. The resulting scans 
are compared in Figure 4.2. The film modified 
electrode (Figure 4.2 red dashed) was found to 
effectively exclude the redox probe thus indicating 
that a dense film that passivates the electrode surface 
had been formed. The addition of hydroxylamine 
(0.5M, H2O) to the PPDMP was found to degrade the 
film such that the electrode response to the 
ferrocyanide redox probe could be seen (Figure 4.2 
purple dotted). This response was almost identical 
to the profile observed for the redox probe at a bare 
glassy carbon electrode (Figure 4.2 black) and 
suggests that the addition of the hydroxylamine 
removes the whole of the PPDMP film opposed to 
just releasing the phenylenediamine template as 
desired.  
 
 The formation and removal of the film were 
examined further using electrochemical quartz crystal 
microbalance experiments. Figure 4.3 A shows the 
EQCM profile observed when the electrochemical 
properties of the PPDMP were observed at a gold 
coated quartz crystal working electrode under the 
same conditions previously used. The frequency can 
be seen to decrease as the potential reaches the 
Figure 4.3 EQCM responses 
showing A) polymerisation of 
PPDMP (2mM) and B) the 
removal of the film after the 
addition of 0.5M 
hydroxylamine (pH 7). 
Figure 4.2 Cyclic 
voltammograms detailing the 
response of a glassy carbon 
electrode towards 2mM 
ferrocyanide (pH 7) before 
(black) and after (red dashed) 
film formation and after 
exposure to hydroxylamine 
(purple dotted). 
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anodic region corresponding to the oxidation of the PPDMP monomer and the 
deposition of the film at the crystal surface. Repetitive scans show a cumulative 
decrease in the frequency but the magnitude of the change between each scan 
becomes correspondingly smaller as the film begins to slowly passivate the electrode 
and pin holes are progressively plugged. The solution was then replaced with free 
electrolyte and the frequency response recorded Figure 4.3 B. A stable resonance was 
observed up until the addition of an aliquot of hydroxylamine. After the addition the 
frequency was found to increase before a constant value characteristic of the clean 
crystal was seen as shown in Figure 4.3 A. This therefore corroborates the fact that 
the whole film was lost from the electrode solution rather than just the loss of the 
phenylenediamine from the polymer. 
 
Although the synthesied monomer can produce a coherent polymer film, the 
fact that the whole film degrades in the presence of hydroxylamine makes it 
inadequate for use as a MIP. The full dissolution of the film does however offer an 
alternative use of the monomer/polymer as it displays characteristics that can be 
exploited as the basis of sacrificial or protective film. The development of these types 
of films has long been of interest within sensor communities where fine control over 
the sequential patterning of molecular receptors (chemical or biological) within 
micro-engineered devices is a considerable challenge [28-30]. Degradation and 
dissolution of the protective films is typically modulated by a change in the prevailing 
chemical environment – pH, redox conditions or through interaction with a particular 
chemical moiety [28,31-33]. The possible advantage of the new route discovered here 
is that it can overcome the difficulties associated with current film processing 
methods used within conventional microfabrication techniques where site specific 
spatial positioning on discrete electrode systems needs to be controlled [34-35].  
 
 To confirm the applicability of the dipyrrole type monomers as sacrificial or 
protective polymers the polymerisation process was repeated with an ethylene 
diamine pyrrole derivative (1,1’-Ethylenebis[2,5-dimethylpyrrole], (EDMP)). Similar 
protection followed by removal characteristics were observed thus confirming the 
efficacy of the polymer. From this work it appears that the formation of these types of 
films is dependent on the possession of two pyrrole moieties on each monomer and 
that its formation and stability is unaffected by the nature of the bridging group 
Chapter 4 – Molecularly Imprinted Polymers: Templated Amino Acid Films? 84 
   
present, be it alkyl or acyl. It could be envisaged that through the manipulation of the 
bridge chain length or the addition of other substituents, that a template action could 
be achieved whereby the latter alters the porosity of the film allowing partial 
functionalisation of the underlying substrate and that the addition of hydroxylamine 
could then remove the protective template to reveal the patterned surface. 
 
4.4. Conclusions 
 
Although the aim set out at the start of this chapter, to develop MIPs that could 
detect compounds containing the amine functionality including cysteine, 
homocysteine and glutathione haven’t been realised a novel approach for the 
generation of sacrificial electropolymerised polymers has been discovered, 
demonstrated and the versatility of the preparation, removal and potential applications 
outlined. The core strength of this approach lies in the selectivity of the removal 
process – achievable under neutral conditions at room temperature using a relatively 
benign chemical key that is unlikely to induce any significant perturbations of other 
chemical functionality. 
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Chapter 5 
 
Plumbagin: A New Route to the Electroanalytical 
Determination of Cystine 
 
Abstract 
 
The interaction between the natural product plumbagin (5-hydroxy-2-methyl-
1,4-naphthoquinone) and a variety of thiol derivatives has been assessed and the 
subsequent results are presented within this chapter. A clearly resolved voltammetric 
signature was observed for plumbagin in the presence of cysteine that could 
potentially be used as the basis of an electrochemical assay for the determination of 
the thiol. A structure-function study was carried out to assess the nature of the 
resulting voltammetric profile and to evaluate the highly selective response of the 
system to cysteine. The translation of the system as the basis of an assay for the 
indirect determination of cystine was investigated using mercaptopropanol as an in-
situ reducing agent. The lack of response of plumbagin to the latter and the high 
recovery performance of the label opens up a new direction for the one pot, mercury 
free analysis of cystine.  
 
The work presented in this chapter has been published within Electroanalysis 
 
Chapter 5 – Plumbagin: A New Route to the Electroanalytical Determination of 
Cystine  90 
   
5.1. Introduction 
 
The cytotoxic properties of 
naphthoquinones derivatives derived 
from plant sources have long been 
recognised and many have been 
investigated as potential candidates for 
use as antimicrobial [1-4] and 
chemotherapeutic agents [5-7]. 
Plumbagin (5-hydroxy-2-methyl-1,4-
naphthoquinone) Scheme 5.1 (I) has 
gathered particular interest in recent years 
as it was identified as one of the core 
active ingredients within numerous 
Siddha and Ayurveda remedies [7-9]. The 
pharmacological action of the latter has 
been attributed largely to its ability to 
redox cycle with the local generation of 
reactive oxygen species within the 
cytoplasm inducing apoptosis [5,7]. It can 
however undergo a variety of other inter 
and intra cellular reactions, particularly 
through nucleophilic addition at the 
unsubstituted 3 position. As such, it has 
been postulated that it can initiate a secondary attack on the cell machinery through 
depleting the endogenous sulphydryl thiol anti-oxidant defences that would otherwise 
scavenge the reactive oxygen species present. The reaction between sulphydryl thiols 
and naphthoquinones is well established within the literature and it is likely that 
cysteine, homocysteine and glutathione would follow an analogous reaction pathway 
with plumbagin [10-12]. The aim of the work presented in this chapter were to assess 
the propensity for plumbagin to undergo such reactions with these thiol species and to 
determine whether the substituent configuration influences the electrochemical 
properties of the resulting conjugates formed. 
Scheme 5.1 Plumbagin reaction pathways. 
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The reaction scheme highlighting the basic nucleophilic addition of the thiol 
functionality, in this case cysteine (III), onto plumbagin (I) is detailed in Scheme 5.1 
(I → IV). Whilst the reduced form of the conjugate (IV) is the initial reaction 
product, molecular oxygen or the naphthoquinone starting material itself can re-
oxidise the conjugate (IV→V) [13]. The presence of the oxidised conjugate now 
creates the possibility of a secondary transformation, if the structure of the thiol 
compound is such that an intra molecular cyclisation can occur. This will be between 
the quinone and the amine functionality, if present, through the formation of a Schiff 
base (C=N). For cysteine a six membered ring will form, conferring a degree of 
stability to the final conjugate (V→VI). It was expected that the formation of a 
cyclised conguate for homocysteine would be slow to form, due to steric and kinetic 
limitations. For glutathione, the cysteine amino group is tied up within the peptide 
linkage and, as such, no ring closure can occur. Due to the possibility of having a 
range of different plumbagin-thiol conjugates present, it was anticipated that there 
would be a significant difference in the electrochemical behaviour observed for the 
plumbagin in the presence of the various thiol species. One possibility was that the 
voltammetric profile for the plumbagin and the resulting cyclised conjugated would 
be fully resolvable for the interaction with cysteine therefore allowing the 
naphthoquinone to be harnessed as a versatile redox indicator for the speciation of 
cysteine. The electrochemical responses of plumbagin in the presence of various thiol 
compounds has been investigated in an effort to elucidate the nature of the reaction 
mechanism and to probe the potential use of this method as a bioanalytical assay for 
cyteine detection. 
 
5.2. Experimental Details 
 
All reagents were of the highest grade available, were used without further 
purification and unless stated otherwise were purchased from Sigma Aldrich (UK) or 
Alfa Aesar (UK). Solutions of plumbagin, 2-methyl-1,4-naphthoquinone and 5-
hydroxy-1,4-naphthoquinone (typically 5mM) were prepared in methanol and stock 
thiol (cysteine, homocysteine, glutathione, mercaptopropionic acid, N-acetylcysteine, 
mercaptoethylamine and penicillamine) and ascorbic acid solutions (typically 10mM) 
were prepared in pH 8 Britton-Robinson buffer, this was also used as the supporting 
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electrolyte throughout the electrochemical investigations. Electrochemical 
measurements were conducted using a μAutolab computer controlled potentiostat 
(Eco-Chemie, Utrecht, The Netherlands) using a three electrode configuration 
consisting of a glassy carbon working electrode (3 mm diameter, BAS Technicol, 
UK), a platinum wire counter electrode and a 3M NaCl Ag | AgCl half cell reference 
electrode (BAS Technicol, UK). Unless specified otherwise the scan rate in all cases 
was 0.1V/s and all measurements were conducted under nitrogen and at 22
o
C ± 2
o
C.  
 
5.3. Results and Discussion 
 
Cyclic voltammograms detailing 
the response of plumbagin (0.454mM, pH 
8) at a glassy carbon electrode in the 
absence and presence of increasing 
amounts of cysteine (0 – 0.45mM) are 
detailed in Figure 5.1 A. The reduction 
and re-oxidation processes of the native 
quinone component can be observed at -
0.32V and -0.06V respectively and follows 
the process outlined in Scheme 5.1 (I→II). 
The peak separation (260mV) is 
significantly larger than that expected for a 
conventional two electron system and 
follows an irreversible profile similar to 
that previously found with naphthoquinone 
systems [12]. The introduction of cysteine 
to the solution (0.045mM additions) causes 
a decrease in both the reduction and 
oxidation peaks (Figure 5.1 A). This can 
be attributed to the formation of the 
conjugate outlined in Scheme 5.1 (I→IV) and again is typical of the response found 
in previous naphthoquinone systems [10-13].  
 
Figure 5.1 Cyclic  voltammograms 
detailing the response of plumbagin 
(0.45mM, pH 8) towards increasing 
concentrations (45µM) of cysteine (A) and 
glutathione (B).  
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In contrast to many of the previous studies, a new redox couple (-0.44V and -
0.33V) was found to emerge as the concentration of cysteine was increased and this 
can be attributed to the reduction of the quinone-imine cyclisation product (VI→VII). 
The reduction process appears initially as a shoulder on the native plumbagin 
reduction peak but is wholly resolvable as the latter is depleted. The oxidation process 
however occurs in a position distinct from any competing processes (-0.33V). The 
peak separation for the conjugate redox couple is markedly smaller (120mV) than for 
the native naphthoquinone. This could be due to the disruption in the planarity of the 
system as a consequence of the extended Schiff base (imine) ring system being 
saturated and hence buckled which may alter the interaction with the underlying 
carbon electrode. 
 
The electrode response to the reaction of plumbagin with glutathione (0-
0.45mM) is highlighted in Figure 5.1 B. Very little difference in the native plumbagin 
voltammetric profile is observed when increasing the concentration of glutathione 
(0.045mM additions). The lack of any appreciable interaction stands in marked 
contrast to that observed with cysteine and indicates that it may indeed be possible to 
use the naphthoquinone as a means of speciation between the two thiols. 
 
A range of thiol 
derivatives possessing a 
carbon skeleton 
analogous to cysteine 
were investigated 
(Figure 5.2). It was 
hoped that through the 
subtle manipulation of 
the α-carbon functional 
groups that the shapes of 
the resulting 
voltammetric profiles 
could help elucidate the 
nature of the interactions 
Figure 5.2 Composition of the conjugates used. 
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occurring. 
 
Cyclic voltammograms detailing the response of a glassy carbon electrode to 
N-acetylcysteine under the same conditions employed for the cysteine investigations 
are detailed in Figure 5.3 A. The response obtained was similar to the one observed 
for cysteine but in this instance there were no new redox peaks seen as in this case, 
the amino group is protected and thus prevented from reacting to form the cyclic 
conjugate indicated in Scheme 5.1 (VI). Mercaptopropionic acid exhibited similar 
behaviour to glutathione and reinforces the need for the available primary amino 
group for the secondary transformation to take place. This was confirmed by the 
positive response obtained with mercaptoethylamine (Figure 5.3 B) and 
penicillamine. These have a free primary amino group and followed the path 
originally observed with cysteine with the emergence of a resolved set of peak 
processes corresponding to the formation of the cyclic conjugate. 
 
Figure 5.3 Cyclic  voltammograms detailing the response of plumbagin (0.45mM, pH 8) towards 
increasing concentrations (0.045mM additions) of N-acetylcysteine (A) and mercaptoethylamine 
(B).  
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The assumption that formation of a six member ring is a prerequisite for intra-
molecular cyclisation was corroborated by the negative response of plumbagin to 
homocysteine (no new redox peaks were seen). In this instance, the amino group is 
available but the additional methylene (CH2) group between the amino and thiol 
would result in the formation of a seven member ring which is sterically (and 
kinetically) less favourable. 
 
The availability of the 5-hydroxyl group on the plumbagin appears to be 
significant in obtaining the resolvable peaks as while the response of 5-hydroxy-1,4-
naphthoquinone to cysteine was found to be analogous to that observed with 
plumbagin, no distinct/resolvable peaks were observed with 2-methyl-1,4-
naphthoquinone (Figure 5.4). While it is still plausible that intra-molecular 
cyclisation occurs, the possibility of hydrogen bonding between the imine amino 
group and the neighbouring 5-hydroxy group, as indicated in Scheme 5.1. (VI), could 
facilitate stabilisation of the intermediate and hence the more negative potential 
required to induce reduction of the conjugate.    
 
 
Figure 5.4 Cyclic  voltammograms detailing the response of 2-methylnaphthoquinone (0.45mM, 
pH 8) towards increasing concentrations (0.045mM additions) of cysteine.  
 
The relative failure of the other thiols to elicit any appreciable response with 
the plumbagin indicator results in the label having a high degree of selectivity towards 
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cysteine. This creates a unique opportunity where the interaction could be exploited as 
the basis of an electrochemical assay for the detection of cystine (the homologous 
disulphide of cysteine). Cystine has long been recognised as an important biomarker 
for renal function but it has proven to be an extremely difficult target for 
determination using electroanalytical techniques [14]. While it has been investigated 
at mercury electrodes, the safety and practical limitations of these electrodes has 
significantly restricted their application [15,16]. The unreactive nature of cystine 
invariably requires the introduction of pre-treatment steps to reduce the disulphide 
bond, releasing the two cysteine constituents which are subsequently derivatised and 
normally analysed using chromatographic techniques [14].  
 
The issue that has hindered the 
development of direct electroanalytical techniques 
relates to the fact that the disulphide reduction 
process is usually achieved through the 
introduction of an excess quantity of another, 
activated thiol, typically possessing an electron-
releasing alcohol functionality (e.g. dithiothreitol, 
mercaptoethanol or mercaptopropanol). The 
mercaptopropanol used in this instance effectively 
substitutes for the cysteine as indicated in 
Scheme 5.2 [14,17]. The reaction mixture will 
therefore contain the unreacted mercaptopropanol 
and the cysteine released through the reaction of 
the mercaptopropanol with the cystine. As such 
there are two reduced thiol moieties present that 
can undergo the derivatisation process and thus 
the main challenge has been to differentiate 
between the released cysteine and the introduced thiol reducing agent which, in the 
absence of chromatographic resolution, have traditionally interfered with one another. 
Unfortunately, most labels designed to enhance the electrochemical signal often fail to 
provide any significant difference in the redox positions and hence the continued 
search for new labelling agents. 
Scheme 5.2 Reduction of cystine 
with mercaptopropanol. 
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The acquisition of a distinct signal in the presence of cysteine would clearly 
offer a new approach to the determination of cystine. The response of the plumbagin 
label to mercaptopropanol (both 1 and 2 substituted isomers) was found to exhibit 
behaviour consistent with that observed for the glutathione responses detailed in 
Figure 5.1 B and hence would give little interference when trying to detect the 
cysteine released.  
 
A preliminary evaluation of 
the utility of using 2-
mercaptopropanol in the context of 
detecting cystine was conducted 
by constructing a calibration graph 
looking at the decrease in the 
plumbagin reduction peak at -0.32 
V as the concentration of cysteine 
in the sample increases, (Peak 
height / µA = -1.052 [cysteine / 
mM]  + 1.117). A solution 
containing 16mM cystine and 
32mM mercaptopropanol was then 
prepared, allowed to react for 5 
minutes (which was the optimal 
time to allow full cystine 
reduction) and was then added to a 
fresh solution of plumbagin (5mM, pH 8). The reaction mixture was mixed for 2-3 
minutes, left to attain quiescence and the cyclic voltammogram recorded. The cyclic 
voltammograms detailing a typical reaction run are highlighted in Figure 5.5. In the 
absence of mercaptopropanol there is no change in the plumbagin profile. Similarly, 
there is also no change when only mercaptopropanol is added. It is only when both 
reagents are present that a change in the voltammetric profile is observed. A 
substantial decrease in the magnitude of the reduction peak and the appearance of the 
redox processes characteristic of the plumbagin-cysteine conjugate. The magnitude of 
the plumbagin peak was then evaluated and the concentration of the cysteine released 
Figure 5.5 Cyclic voltammograms detailing the 
response of plumbagin (0.45mM, pH 8) to an 
aliquot of cystine (16mM) and mercaptopropanol 
(32mM).  
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determined from the calibration data obtained previously. The recovery of cystine 
(based on the cysteine calibration) was found to be 100.69% (%RSD = 5.14, N = 3) 
and confirms the potential viability of the procedure.  
 
5.4. Conclusions 
 
The reaction of plumbagin with various thiol derivatives has been assessed 
using cyclic voltammetry with a view to understanding the nature of the interactions 
between the thiol substituent and the core quinone. A distinct, clearly resolvable peak 
signature for the conjugate resulting from the reaction with cysteine has been 
observed and structure- function relationship data collated and critically assessed. The 
peak process attributed to the cysteine conjugate has been found to be highly selective 
and could be used as the basis of a new assay for the direct electrochemical analysis 
of cystine, which has, hitherto, proven to be a challenge for all but mercury based 
electrodes.  
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Chapter 6 
 
Plumbagin: A Natural Product for Smart Electrode 
Materials? 
 
Abstract 
 
The exploitation of the natural product plumbagin (5-hydroxy-2-methyl-1,4-
naphthoquinone) as a monomer to produce polymer films is discussed within this 
chapter. It was envisaged that the film produced would be able to react with reduced 
sulphydryl thiols (RSH) at an electrode interface, with the possibility of this providing 
a reagentless sensing platform for the latter. The generation of the polymer film and 
the efficacy of its response to RSH has been evaluated using cyclic voltammetry and 
electrochemical quartz crystal microbalance studies. The polymeric film was found to 
have inadequate stability in the presence of RSH and therefore has limited potential 
for facilitating thiol detection via this route. During these studies, it was however 
found that the quinone redox centre on the plumbagin was able to catalyse the 
reduction of oxygen to produce reactive oxygen species (ROS). The ability of the 
plumbagin polymer and monomer to produce ROS has therefore been evaluated. The 
application of this material to prevent electrode fouling has also been critically 
assessed. 
 
The work presented in this chapter has been published within New Journal of 
Chemistry 
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6.1. Introduction 
 
 The development of reagentless sensing platforms has generated a large 
amount of interest in recent years due to the growth of point of care diagnostics. 
These types of systems have been developed for a variety of biologically relevant 
molecules and are advantageous as they allow analyte determination quickly and 
easily without the need for large amounts of user intervention which can be a major 
contributor to erroneous results [1]. The development of these types of platforms can 
however be very problematic as the reagents need to be incorporated within the sensor 
so that they have good long term stability, are sensitive and selective whilst being 
easy to use and cheap to fabricate [2]. 
  
The work in the previous chapter described how plumbagin (5-hydroxy-2-
methyl-1,4-naphthoquinone) could be used for the determination of cystine (after its 
in-situ reduction to cystiene) via a nucleophilic addition at the unsubstituted 3 
position. Plumbagin has another important functionality, a 5-hydroxyl group and it is 
envisaged that the availability of this phenolic group could allow the molecule to 
undergo electropolymerisation 
therefore facilitating the production 
of thin film that is capable of 
reacting with and therefore detecting 
the thiol species as illustrated in 
Scheme 6.1. The work presented in 
this chapter has therefore sought to 
examine the possibility of exploiting 
plumbagin as the basis of a smart 
polymeric material that is able to 
facilitate reagetless thiol detection. 
Electrochemical oxidation of the 
phenol moiety on the plumbagin 
should, in line with conventional 
phenol based electropolymerisation, 
result in the production of a radical 
Scheme 6.1 Reaction scheme showing a. the 
electroplymerisation of plumbagin, b. the 
reaction of poly-plumbagin with sulphydryl thiols 
(RSH) and c. the redox processes that will 
facilitate thiol detection.  
 
Chapter 6 –Plumbagin: A Natural Product for Smart Electrode Materials?  104 
   
cation whose head to tail coupling should lead to the deposition of a thin plumbagin 
polymer film directly at the electrode surface [3-4] (Scheme 6.1 a.). It was envisaged 
that the quinone component on the compound would be retained and remain 
accessible to the sulphydryl group on the thiol compounds allowing the nucleophilic 
addition to occur and any accompanying change in the redox state of the polymer that 
occurs as a result of this to be detected and thus the thiol can be determined (Scheme 
6.1 b. and c.) [5-6].  
 
6.2. Experimental Details 
 
All reagents were of the highest grade available, were used without further 
purification and unless stated otherwise were purchased from Sigma Aldrich (UK) or 
Alfa Aesar (UK). Solutions of plumbagin (5mM) were prepared in acetone. Stock 
glutathione and ascorbic acid solutions (typically 10mM) were prepared in pH 7 
Britton-Robinson buffer and solutions of Ellmans reagent (1mM) were prepared in pH 
8 Britton-Robinson buffer. Electrochemical measurements were conducted using a 
μAutolab computer controlled potentiostat (Eco-Chemie, Utrecht, The Netherlands) 
using a three electrode configuration consisting of a glassy carbon working electrode 
(3mm diameter, BAS Technicol, UK), a platinum wire counter electrode and a 3M 
NaCl Ag | AgCl half cell reference electrode (BAS Technicol, UK) completing the 
cell assembly. Unless specified otherwise the scan rate for all experiments was 
50mV/s and all measurements were conducted at 22
o
C ± 2
o
C. Electrochemical Quartz 
Crystal Microbalance (EQCM) measurements were obtained using a computer 
controlled Quartz Crystal Microbalance (Maxtek INC, USA) and polished 5 MHz 
Titanium / Gold crystals (Maxtek INC, USA). 
 
6.3. Results and Discussion 
 
6.3.1. Poly-plumbagin for the Detection of Sulphydryl Thiols 
 
Plumbagin film formation was attempted through the direct electro-oxidation 
of the 5-hydroxy functionality. It was anticipated that this would lead to 
polyphenylene oxide film formation consistent with conventional phenolic electro-
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oxidation [3-4]. 
Repetitive scan cyclic 
voltammograms 
detailing the response of 
plumbagin (0.8mM, pH 
7) at a glassy carbon 
electrode are shown in 
Figure 6.1. The 
irreversible oxidation of 
the phenol was observed 
at +0.95 V and this peak 
was found to decrease 
on successive scanning 
which is consistent with 
the formation of a phenol 
type film. The profile of 
the quinone component changed markedly with increasing scan number. On the first 
scan, prior to oxidation of the phenol, the reduction and oxidation processes are 
consistent with those experienced for a monomer based solution (Chapter 5-Figure 
5.1). The subsequent scans, after oxidation of the phenol has occurred, show a shift in 
the quinone reduction peak to more negative potentials, along with an increase in the 
magnitude and the sharpness of this peak. This can be rationalised on the basis of the 
formation of a surface immobilised redox centre and confirms the formation of the 
plumbagin polymer. 
 
Removal of the modified glassy carbon electrode and placement within fresh 
buffer, devoid of plumbagin monomer, revealed that the activity of the quinone 
component was retained at the electrode surface as highlighted in the cyclic 
voltammogram in Figure 6.2 (black line). The shape of the redox processes are broad 
and stand in contrast to the sharp processes observed in the initial polymerisation 
stages, seen in Figure 6.1, and this may reflect the fact that a more heterogeneous 
population of different redox species at the electrode surface. The magnitude of these 
peak processes were found to be markedly smaller than expected. This can be 
ascribed to the formation and subsequent loss of oligomeric material during the 
Figure 6.1 Repetitive scan cyclic voltammograms detailing the 
electropolymerisation of Plumbagin (0.8mM, pH 7) at a glassy 
carbon electrode. 
 
Chapter 6 –Plumbagin: A Natural Product for Smart Electrode Materials?  106 
   
polymerisation, electrode washing and transfer processes. The shape of this cyclic 
voltammogram suggests the presence of particulate/oligomeric structures which are 
only loosely adhered to the electrode surface rather than the conventional coherent 
polymer film. 
 
  
 
 
 
 
 
Figure 6.2 Cyclic voltammograms detailing 
the response of a plumbagin modified 
glassy carbon electrode in the absence 
(black line) and presence (red line) of 
glutathione (0.3mM, pH 7). 
 
 
 
 
 
 
 
When the electrochemistry of the film was studied in the presence of 
glutathione (Figure 6.2 red line) the redox processes ascribed to the polymer are seen 
to decrease and the direct oxidation of glutathione can be seen. This appears to 
suggest that the polymer degrades in the presence glutathione. EQCM studies were 
used to study the stability/reactivity of the poly-plumbagin film in the presence of 
glutathione (Figure 6.3).  
  
 
 
 
 
 
 
Figure 6.3 EQCM response of an 
Au-plumbagin modified electrode 
before and after the addition of 
glutathione (0.385mM, pH 7). 
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The polymerisation process was repeated using a gold quartz crystal 
(deposited from 10mM plumbagin dissolved in ethylacetate containing 0.05M 
tetrabutylammonium perchlorate as the supporting electrolyte, 50 scans). Upon 
removing the crystal and placing in fresh pH 7 buffer, devoid of the monomer, it can 
be seen that there is a gradual loss of material from the electrode surface (expressed as 
∆Freq, 0-5minutes) this can be ascribed to the oligomers slowly diffusing from the 
electrode surface into the solution confirming that the film is only loosely adhered to 
the electrode surface. Glutathione (0.385mM) was added to the buffer solution and a 
dramatic increase in the frequency was observed this corresponds to the decrease in 
mass at the electrode surface as the polymer is removed, after this a stable plateau was 
reached (Figure 6.3).  In some cases thiols have been known to react with 
napthoquinone derivatives to produce water soluble conjugates, this must be the case 
here as indicated in the inset schematic within Figure 6.3 [7-8]. There must however 
be an underlying layer of insoluble polymer left at the electrode surface, as the redox 
process attributed to the quinone component of the poly-plumbagin are not removed 
completely. The fact that the poly-plumbagin film degrades in the presence of thiol 
however compromises its use as a reagentless sensing material. 
 
During these 
studies it was noted that 
the glutathione 
concentration of the 
electrochemical solutions 
had been significantly 
depleted to an amount 
that could not just be 
attributed to the addition 
of the thiol onto the 
polymeric/oligomeric 
plumbagin. The 
substantial loss of RSH from the cell solution can be attributed to the plumbagins 
ability to act as a redox cycler, catalysing the reduction of the oxygen present in the 
solution to yield reactive oxygen species (ROS) as outlined in Scheme 6.2, which 
subsequently reacts with the glutathione present causing its depletion [9-11]. 
Scheme 6.2 The production of ROS from plumbagin. 
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 6.3.2. Plumbagin as an ROS Generator 
 
The ability of the poly-plumbagin film to produce ROS was examined using a 
spectrophotometric technique that relied upon using Ellman’s reagent to monitor the 
glutathione concentrations as the film was redox cycled to produce ROS. The poly-
plumbagin modified glassy carbon electrodes were placed into a solution containing 
glutathione (167μM) and were held at a reduction potential of -1.2V for 5 and 10 
minutes to produce ROS. An aliquot of the electrolysis solution was then reacted with 
a solution of the Ellmans reagent allowing the glutathione concentration to be 
determined spectrophotometrically via pre constructed calibration graph as discussed 
in chapter 1. The glutathione concentration was seen to decrease by 56.9% and 88.9% 
respectively for the 5 and 10 minute time intervals compared to the no change in 
glutathione concentration that was seen for the control solution (modified electrode 
placed in a glutathione solution for 10 minutes with no potential applied). This 
confirms that the glutathione concentration is decreasing as a result of the poly-
plumbagin film being able to catalyse the production of ROS rather than its 
nucleophilic addition onto the film. 
 
Further work was done to 
assess the ability of the poly-
plumbagin film to produce ROS, 
cyclic voltammograms detailing the 
response of the plumbagin modified 
glassy carbon electrode in buffer 
solution in the presence and absence 
of oxygen are detailed in Figure 6.4.. 
The magnitude of the quinone 
reduction peak is significantly larger 
in the scan carried out in oxygen than 
what it is in the absence of oxygen and 
can be attributed to the catalytic 
reduction of oxygen by the electro-
reduced quinone. The polymer film is 
Figure 6.4. Cyclic voltammograms detailing 
the response of a glassy carbon electrode in the 
presence of oxygen (green dashed line) and a 
plumbagin modified glassy carbon electrode in 
the presence (black solid line) and absence 
(red dashed line) of oxygen. 
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clearly able to catalyse the reduction of oxygen. This has many possible uses, 
primarily the prevention of electrode fouling, but the films instability, particularly in 
the presence of glutathione inevitably compromise the effectiveness the films ability 
to generate ROS and would therefore limits its use within biological sensors. 
 
The ability of plumbagin to act 
as a ROS generator was assessed 
further by looking at the performance 
of the monomer. Cyclic 
voltammograms detailing the response 
of plumbagin (0.8mM, pH 7) at a 
glassy carbon electrode in the presence 
and absence of oxygen are detailed in 
Figure 6.5 Upon scanning towards 
negative potentials, the quinone is 
reduced (-0.28V) with the 
corresponding oxidation process being 
observed at -0.03V. In the presence of 
oxygen, the magnitude of the reduction 
peak is significantly increased 
compared to the peaks obtained in a 
solution degassed with nitrogen. This confirms that, like the polymer, the monomer is 
capable of catalysing the reduction of oxygen.  
 
To test the effectiveness of plumbagin as an interfacial ROS generator a novel 
evaluation strategy was designed in which the interfacial concentration of an anti-
oxidant probe would be used to estimate the production of ROS. Ascorbic acid served 
as a model probe as its free-radical scavenging properties are well established [12]. It 
also possesses the key advantage of having a well defined redox signature which is 
sufficiently distinct from that of plumbagin allowing its unambiguous quantification 
[13-14]. It was hypothesised that the ROS generated as a consequence of the 
electrochemically induced plumbagin redox cycling would react with the ascorbic 
acid (converting it to the electrochemically invisible de-hydroascorbic acid) and 
thereby leading to a visible decrease in the ascorbic acid within the solution. The 
Figure 6.5 Cyclic voltammograms detailing the 
responseof a glassy carbon electrode to 
plumbagin (0.8mM pH 7) in the presence and 
absence of oxygen. 
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advantage of this approach was that the decrease in concentration would directly 
reflect the production of ROS at the electrode interface. Five repetitive scan cyclic 
voltammograms detailing the response observed at a glassy carbon electrode to 
plumbagin (0.8mM) and ascorbic acid (0.4mM) in pH7 buffer under nitrogen flow are 
highlighted in Figure 6.6 A. Three distinct processes can be observed, the redox 
cycling of the quinone component of plumbagin (at -0.28V and -0.03V respectively) 
and the irreversible oxidation of the ascorbic acid at +0.37V. The scans can be seen to 
be effectively stable but there is a gradual decrease in the magnitude of the ascorbate 
peak which can be attributed to the irreversible oxidation causing a small but 
cumulative depletion of ascorbic acid at the electrode surface with the scan rate being 
too fast to allow complete diffusional replenishment of the interfacial concentration 
between cycles. The same experiment was then repeated in the presence of oxygen 
and the corresponding voltammograms are detailed in Figure 6.6 B. It can be seen 
that the magnitude of the quinone reduction peak process increases markedly and the 
ascorbic acid peak diminishes much more rapidly than that observed under the 
degassed conditions. Given the near identical conditions, bar the presence of oxygen, 
it is possible to draw the conclusion that the electro-generation of ROS species at the 
interface results in the marked depletion of the ascorbic acid probe.  
 
 
 
 
 
 
Figure 6.6 Cyclic voltammograms 
detailing the response of repetitive 
scanning of plumbagin and ascorbic 
acid (0.8 and 0.4 mM respectively) in 
the absence (A) and presence (B) of 
oxygen.  
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A more quantitative appraisal of the effect of repetitive cycle number on the 
removal of ascorbic acid is shown in Figure 6.7.  
 
Figure 6.7 Graph illustrating the removal of ascorbic acid with increasing scan number in the 
absence and presence of oxygen.  
 
There is a depletion of ascorbic acid under degassed conditions but this can be 
ascribed to the diffusional artefact noted earlier and results in a 10% decrease over the 
experiment lifetime. In contrast, in the presence of oxygen the interfacial ascorbic 
acid is reduced by 70% and indicates clearly the efficacy of plumbagin redox cycling 
as a means of generating ROS. 
 
6.4. Conclusions 
 
The ability of poly-plumbagin film to facilitate the reagentless sensing of 
sulphydryl thiols has been assessed. The polymer has limited stability in the presence 
of RSH so its use for sensing purposes is invalid. It was however found that the 
plumbagin was capable of acting as a redox cycler catalysing the reduction of oxygen 
to produce ROS. Both the plumbagin monomer and polymer are able to generate ROS 
at the electrode interface and although the polymer is limited in terms of film 
thickness it has the potential to be used as a smart material to prevent electrode 
fouling within devices opening up a new avenue for exploration and adaptation. 
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Chapter 7 
 
Electrochemically Initiated Thiol Detection 
 
Abstract 
 
 The ability to use electrochemically generated quinone intermediates to 
facilitate the detection of sulphydryl thiols is discussed. The electrochemical 
properties of a range of suitable derivatives were examined and their ability to react 
with sulphydryl thiols assessed. It was found that the chemical structure of the 
derivative could be selected such that the signal responsible for the detection of the 
thiol would occur at a potential where there would be no interferences seen from the 
direct oxidation of the thiol or the other electroactive components present within the 
sample. The structures of the derivatives used were also chosen so that they would be 
able to undergo electrochemical polymerisation. It was envisaged that the films 
produced would create modified electrodes that would facilitate reagentless thiol 
sensing. The electrochemical properties and reactivities of the monomers and 
polymers were studied in an attempt to prove the applicability of using this approach 
for the reagentless and interference-free analysis of sulphydryl thiols. 
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7.1. Introduction 
 
The significance of techniques that can enable interference-free and 
reagentless sensing of sulphydryl thiols has been discussed previously within this 
thesis and numerous strategies have been presented and critically assessed in an 
attempt to overcome the issues associated with the development of these methods. 
The work described in this chapter looks at an alternative route that could possibly 
overcome these analytical challenges. The use of electrochemically generated quinone 
type intermediates to facilitate thiol detection is discussed, with the performance of 
the monomer and the polymer modified electrode being assessed. 
 
The route exploited here looks at utilising derivatives that can be 
electrochemically manipulated to produce quinone type intermediates. These 
intermediates can act as labels to assist thiol analysis as they are able to undergo a 
nucleophilic addition with the thiol moiety via the same reaction route previously 
described elsewhere in this thesis [1-3].  
 
 
Scheme 7.1. Proposed electrochemistry of 4-Nitrophenol. 
 
The approach advocated in this instance is highlighted in Scheme 7.1, where 
4-nitrophenol (4NP) (Scheme 7.1 I) is used as the derivative. The structure of the 
derivatives selected is such that a hydroxyl group (OH) and either a nitro-group (NO2) 
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or an amine (NH2) is present in a 1,4 configuration (Scheme 7.1 structures I and II 
respectively). These derivatives are, in this state, unreactive to the thiol species and so 
electrochemical and/or chemical manipulation of the compounds must take place in 
order to generate the quinone type intermediates that can label the thiol. This will 
either be the quinone/imine type intermediate (Scheme 7.1 III), formed during the 
electrochemical oxidation of the derivative (Scheme 7.1 B), or it will be the 
conventional quinone type intermediate (Scheme 7.1 IV), which is formed when 
quinone/imine intermediate (Scheme 7.1 III) is hydrolysised (Scheme 7.1 C). In the 
case of 4NP, a reduction (Scheme 7.1 A) followed by an oxidation (Scheme 7.1 B) is 
necessary to yield the responsive labels [4], but for all of the derivatives selected it is 
possible to control the production of the thiol label at the electrode surface [5-7]. Both 
of the quinone type intermediates produced, (Scheme 7.1 III) and (Scheme 7.1 IV) 
are able to redox cyclise and react with sulphydryl thiols via the pre-described 
nucleophilic addition route as illustrated in Scheme 7.2 for the quinone/imine type 
intermediate (III). This reaction should result in the intermediate being chemically 
reduced (Scheme 7.2 II-SR) and subsequently re-oxidised at the electrode amplifying 
the oxidative current recorded (Scheme 7.2 III-SR). This enhanced response can then 
be used to determine the concentration of the sulphydryl thiol present. 
 
 
Scheme 7.2 Proposed reaction pathway leading to thiol (RSH) analysis. 
 
It was envisaged that by varying the chemical structure of the derivatives used 
that the potential of the quinone/imine type redox couple would shift to more negative 
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values thus allowing the analysis of the thiol species without any interferences being 
seen from the direct oxidation of the thiol and the oxidation of the other electroactive 
components present within the sample medium. Other studies have shown the 
applicability of this kind of approach for the detection of sulphide and sulphydryl 
thiols within complex sample matrices [1-3]. The difference in this study is that the 
polymerisation of the most suitable derivative is examined and its ability to detect 
thiol species is investigated. All of the derivatives studied are able to undergo 
electrochemical polymerisation upon the imposition of an oxidative potential [4-5,9], 
as is highlighted in Scheme 7.1 for the 4NP derivative. In this instance the imposition 
of the oxidative potential causes the oxidation of the phenolic group resulting in the 
formation of the nitrophenoxy radical (Scheme 7.1 VI), this can undergo a secondary 
oxidation the give the nitrophenoxy cation (Scheme 7.1. VII), both species are very 
reactive and can couple to give polymer films [4,8,10]. It was anticipated that the 
polymers formed would be stable at the electrode surface and although the structures 
of these polymers have not been fully elucidated it was envisaged that they would 
retain some of the same electrochemical characteristics and reactivities seen for the 
monomers, providing a route for the interference-free and reagentless analysis of 
sulphydryl thiols. 
 
 
Figure 7.1 The structures of the derivatives studied 
 
The electrochemical properties of a range of structurally suitable derivatives, 
highlighted in Figure 7.1, were assessed and the ability of the monomers and 
polymers to react with sulphydryl thiols, uric acid and ascorbic acid (primary sample 
interferants) [11-12] was investigated to assess the overall viability of the approach 
proposed. 
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7.2. Experimental Details 
 
7.2.1. Materials and Methods 
 
All reagents were of the highest grade available, were used without further 
purification and unless stated otherwise were purchased from Sigma Aldrich (UK) or 
Alfa Aesar (UK). Solutions of 4-aminophenol, 4-nitrophenol, 4-nitro-1-naphthol, 8-
hydroxy-5-nitroquinoline and quinoline-5,8-quinone (5mM) were prepared in 
methanol, protected from light prior to use and were diluted accordingly when 
required. Stock solutions of cysteine, homocysteine, glutathione and ascorbic acid 
(typically 10mM) were prepared in pH 7 Britton-Robinson buffer, the latter was also 
used throughout as the supporting electrolyte. Solutions of uric acid (typically 10mM) 
were prepared in 0.1M sodium hydroxide. Electrochemical measurements were 
conducted using a μAutolab computer controlled potentiostat (Eco-Chemie, Utrecht, 
The Netherlands) using a three electrode configuration consisting of a glassy carbon 
working electrode (3 mm diameter, BAS Technicol, UK), a platinum wire counter 
electrode and a 3M NaCl Ag | AgCl half cell reference electrode (BAS Technicol, 
UK). All solutions were degassed with nitrogen prior to use and unless specified 
otherwise – the scan rate for all experiments was 50mV/s and all measurements were 
conducted at 22
o
C ± 2
o
C. NMR spectra were measured on a JEOL (Welwyn Garden 
City, UK) ECX 400 MHz spectrometer. Chemical shifts are reported in parts per 
million (ppm) downfield from tetramethylsilane (TMS). 
 
7.2.2. Preparation of Quinoline-5,8-quinone 
 
Quinoline-5,8-quinone (Figure 7.2) 
was prepared following the methods, with 
modifications, previously described [13-
14]. A solution of 8-hydroxyquinoline 
(0.91g, 6.3mM, 1EQ) in 15mls of 
acetonitrile:water (2:1) was added dropwise to a cooled solution of 
bis(trifluoroacetoxy)iodobenzene (4.964g, 11.5 mM, 1.8EQ) in 15mls of 
acetonitrile:water (2:1). The reaction mixture was stirred at 4 °C for 3 hours. Water 
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(30ml) was then added to the reaction mixture and the aqueous layer was extracted 
with dichloromethane (3x100mls). The combined organic fractions were washed with 
water (3x100mls), brine (2x50mls) and water (100ml), it was then dried over sodium 
sulphate and was concentrated in vacuo to give an orange solid. The crude product 
was washed with petroleum ether 40-60, filtered and dried to give quinoline-5,8-
quinone as a golden brown powder (0.56g, 56.1%).   
 
NMR data 
1
H in CDCl3: 9.05 (1H, dd), 8.42 (1H, dd), 7.70 (1H, dd), 7.24 (residual solvent peak), 
7.16 (1H, d), 7.07 (1H, d)  
 
7.3. Results and Discussion 
 
7.3.1. Monomer Studies 
 
Figure 7.3 shows the cyclic voltammogram (A) for the response of a glassy 
carbon electrode to 4-Aminophenol (4AP) (0.455mM, pH 7) along with a schematic 
(B) of the proposed reaction pathway.  
 
7  
Figure 7.3 Cyclic voltammogram (A) and schematic (B) for the electrochemistry of -Aminophenol 
(0.455mM, pH7). 
 
The oxidation of the 4AP (Figure 7.3 I) and the corresponding reduction of 
the quinoine/imine intermediate (Figure 7.3 II) can be observed at +0.152V and 
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+0.079V respectively and is in line with the electrochemistry observed by other 
authors [5-6]. These peaks have been attributed to this redox couple (Figure 7.3 
I→II) opposed to the quinone intermediate redox couple (Figure 7.3 III→IV) 
because the duration of the experiment was deemed as being insufficient to allow the 
hydrolysis of the quinone/imine intermediate and so no quinone intermediate (Figure 
7.3 III) has been produced. Repetitive cycling of the solution does not alter the 
voltammetric profile obtained thus confirming the stability of the derivative studied.  
 
Figure 7.4 shows the cyclic voltammogram for the response of a glassy 
carbon electrode to 4-nitrophenol (4NP) (0.455mM, pH 7). The profile shape 
observed is consistent with the pathway proposed in Scheme 7.1. On initiating the 
scan, in the anodic direction, no redox processes are observed as the quinone/imine 
intermediate has not yet been generated. During the reverse scan, going towards 
negative potentials, an irreversible reduction process can be observed at -0.781V. This 
can be attributed to the six proton, six electron reduction of the nitro group to an 
amine (Scheme 7.1 I→II). In-situ generated 4-aminophenol is now present at the 
electrode/solution interface, this is confirmed by the emergence of the quinone/imine 
redox couple (Scheme 7.1 II→III), with the oxidation and corresponding reduction 
being observed at +0.123V and +0.076V respectively.  
.  
Figure 7.4 Cyclic voltammogram for the electrochemistry of 4-Nitrophenol (0.455mM, pH7). 
 
The cyclic voltammograms detailing the response of a glassy carbon electrode 
to 4-nitro-1-naphthol (4N1N) and 8-hydroxy-5-nitroquinoline (8H5NQ) (0.455mM, 
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pH 7) are analogous to the one observed for 4NP (Figure 7.4) in that no 
quinone/imine redox chemistry is observed until the reduction of the nitro group takes 
place to generate the derivative with the amine functionality present. Once the amine 
form of the intermediate is present redox cycling can occur to give the quinone/imine 
derivative which should be able to react with sulphydryl thiols to facilitate their 
detection. Although the electrochemical profiles observed for the derivatives are 
essentially the same, apart from the fact that no reduction step needed for the 4AP 
derivative, the changes in the chemical structure of the monomer alters the potential at 
which the electrochemical processes occur.  
 
Figure 7.5 shows the cyclic voltammograms for all of the derivatives studied 
(0.455 mM, pH 7). 
 
Figure 7.5 Cyclic voltammogram showing the overlapping electrochemistry of 4N1N (green), 
8H5N (red), 4NP (blue) and 4AP (purple) (0.455mM, pH7). The table insert shows the position of 
the quinone/imine oxidation peak. 
 
The differences in the profiles, which are the changes in the potentials 
observed for the reduction of the nitro group and the redox cycling of the 
quinone/imine type intermediate, are clearly visible. The difference in the position of 
the redox couple, with varying the chemical structure of the derivative, is of particular 
interest as it is this couple that will be responsible for allowing the thiol species to be 
detected and so if the potential window is moved to more negative values, away from 
the potentials that can cause the direct oxidation of the thiols and the oxidation of the 
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other electroactive components present within the sample, it can be used as a route to 
provide interference-free analysis. The table insert in Figure 7.5 summarises the 
differences in the potentials observed for the oxidation of the quinone/imine 
intermediate with the ease of oxidation of the derivative or in-situ generated 
intermediate being summarised as 4N1N < 8H5N < 4NP < 4AP. This reactivity series 
can be ascribed to the addition of the pyridine and benzene rings which increases the 
reactivity of the derivative, decreasing its stability and allowing the two electron, two 
proton oxidation to be brought about more easily. The lowest potential required to 
oxidise the quinone/imine intermediate was observed for 4N1N, with the lowest 
potential window for thiol detection, this derivative has the greatest capacity to 
provide interference-free analysis and so all of the further investigations were 
focussed primarily on this molecule. It should be noted that when investigating the 
quinone/imine redox couple it was found that the peak separations, for all of the 
derivatives, are larger than expected for a conventional two electron, two hydrogen 
redox couple, this indicates that these couples have some degree of irreversibility 
which is consistent with the results found by other authors studying these types of 
systems [15]. 
 
Figure 7.6 shows the 
voltammetric profiles for the 
oxidation of: the quinone/imine 
intermediate of the 4N1N 
derivative (0.455mM, pH7) (after 
nitro group reduction has been 
achieved by the application of a 
reducing potential of -0.8V for 5 
seconds), uric acid (0.476mM, 
pH7), ascorbic acid (0.476mM, 
pH7) and a solution containing an 
equal mix of the latter two 
substances (uric acid, 0.455mM, 
pH7 and ascorbic acid 0.455mM, 
pH7). The oxidation of the 
Figure 7.6 Voltammograms comparing 
electrochemistry of the 4N1N derivative 
(0.455mM, pH7) with a blank, ascorbic acid 
(0.476mM, pH7), uric acid (0.476mM, pH7) and a 
mixture of the latter two (both at 0.455mM, 
pH7). 
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quinone/imine type intermediate is observed at -0.074V and the oxidation of the 
ascorbic acid to dehydroascorbic acid and uric acid to 5-ureidohydantoin can be seen 
at +0.231V and +0.343V respectively. The position of these oxidation potentials mean 
that there will be no overlap in the signal generated for the label if the sample contains 
ascorbic acid and uric acid. The previously described experiment was repeated for 
4N1N (0.435mM, pH7) in the presence of ascorbic acid (0.435mM, pH7), uric acid 
(0.435mM) and 4N1N (0.417mM, pH7) in the presence of a solution containing an 
equal mix of ascorbic acid and uric acid (both 0.417mM, pH7) and no changes in the 
oxidation peak (peak height or position) for the quinone/imine intermediate was 
observed confirming that no interference will be observed from these species when 
using 4N1N as the thiol label. 
 
The possibility of using the 4N1N derivative as a substance that can be 
electrochemically manipulated to generate a label for the analysis of sulphydryl thiols 
was subsequently examined.  Figure 7.7 shows the voltammograms obtained for the 
oxidation of the electrochemically generated reduced form of the derivative 
(0.455mM, pH7), generated by the application of a reducing potential of -0.8V for a 
period of 5 seconds, in the presence of increasing amounts of cysteine (45µM 
aliquots, 0-450µM, pH7). The calibration data for all of the thiols: cysteine, 
homocysteine and glutathione are displayed in the insert within Figure 7.7. 
 
 
Figure 7.7 The voltammograms for the oxidation of the electrochemically generated 
reduced form of the 4N1N derivative (0.455mM, pH7), generated by the application of a reducing 
potential of -0.8V for a period of 5 seconds prior to scanning, in the presence of increasing 
amounts of cysteine (45µM aliquots, 0-450µM, pH7). Insert: The calibration data for all of the 
thiols under study: cysteine, homocysteine and glutathione. 
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The height of the oxidation peak for the quinone/imine intermediate, as 
expected, was found to increase on increasing the amount of thiol present (Figure 
7.7). This can be attributed to the electrochemically generated quinone/imine 
intermediate undergoing a nucleophilic addition with the thiol species, this chemically 
reduces the intermediate which is then re-oxidised at the electrode surface causing an 
increase in the oxidative current recorded, therefore increasing the height of the peak 
observed, which was found to be the case for all of the thiols studied (Figure 7.1 
Insert). This behaviour was found to be linear and characteristic for all of the 
derivatives studied, illustrating the generic nature of the approach, with the 
voltammetric trace observed in the presence of RSH being similar to that shown in 
Figure 7.7 for the 4N1N derivative, with the only variation being the position of the 
oxidation peak due to the previously described structural differences of the molecules. 
The fact that only one oxidation peak is observed on the voltammogram confirms our 
initial assumption that only the quinone/imine type intermediate is being formed and 
that the quinone intermediate is not present. If the quinone intermediate was formed, 
then in the presence of cysteine we would expect to see a new oxidation peak 
emerging for the redox chemistry of the cyclised quinone-thiol conjugate as was 
observed for the quinone analogues of the derivatives studied: benzoquinone, 
naphthoquinone and quinonline-5,8-quinone. The fact that these new redox processes 
aren’t emerging upon the addition of the thiol moiety also indicates that the 
nucleophilic addition between the electrochemically generated quinone/imine 
intermediate and the sulphydryl thiol species is occuring at the 3 position on the 
intermediate opposed to the 2 position as indicated in Figure 7.8. 
 
 
Figure 7.8 The favoured site of nucleophilic (Nuc-) attack on the quinone/imine intermediate 
form of the 4N1N derivative. 
 
 If the attack was occurring at the 2 position then cyclisation of the newly 
formed conjugate would be possible and so the extra oxidation peak would be 
recorded on the voltammogram. This favoured reaction pathway may be due to the 
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fact that the formation of the quinone enolate on the quinone/imine intermediate is 
more stable than the formation of the imine enolate. This is because the oxygen atom 
is more electronegative than the nitrogen atom and so stabilises the negative charge 
on the enolate more effectively, thus making thiol addition more favourable at the 3 
position. 
 
The applicability of this approach for the interference-free analysis of 
sulphydryl thiols was then assessed. The reaction of the electrochemically generated 
quinone/imine intermediate of the 4N1N derivative (0.444mM, pH7) to sulphydryl 
thiols (0.222mM, pH7) was carried out in the presence of increasing amounts of 
ascorbic acid (88µM aliquots, 0-0.816mM, pH7) or uric acid (88µM aliquots, 0-
0.816mM, pH7). The characteristic increase in the peak height for the oxidation of the 
quinone/imine intermediate in the presence of cysteine was still observed in the 
presence of ascorbic acid and uric acid and the position of this peak was unaffected by 
the presence of these compounds. These factors indicate that the nucleophilic addition 
of the thiol species onto the derivative is unaffected by the presence of the other 
compounds within the sample, this confirms that a route that allows for the 
interference-free analysis of sulphydryl thiol species has been developed. 
 
7.3.2. Polymer Studies 
 
 The derivatives used have the 
ability to undergo electrochemical 
polymerisation [4-5,8-10]. It was 
envisaged that the polymers formed 
during this process would be stable 
and that they could be manipulated 
in the same way as the monomers 
such that they could be used to 
determine sulphydryl thiols in a 
reagentless manor. As the 4N1N 
monomer provides the best route for 
interference-free thiol analysis its 
polymer was studied. Figure 7.9 
Figure 7.9 Repetitive scan cyclic voltammogram 
for 4N1N (0.455mM, pH7). 
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shows the repetitive scan cyclic voltammograms detailing the response of a glassy 
carbon electrode to 4N1N (0.455mM, pH7). 
 
On initiating the scan, in the anodic direction, an irreversible oxidation peak 
can be seen at +0.603V (Figure 7.9 A), this corresponds to the oxidation of the 
phenol group on the 4N1N monomer to give the nitrophenoxy type radical (Figure 
7.9 I) and the subsequent formation of the 4N1N polymer. This peak was found to 
decrease upon successive scanning which is consistent with the formation of a 
coherent polyphenol type film. Upon reversing the scan, in the cathodic direction, two 
irreversible reduction peaks can be seen at -0.197V and -0.883V (Figure 7.9 B and C 
respectively). The peak at -0.197V, is only present on the first scan and may therefore 
be attributed to the reduction of dimeric, oligomeric or polymeric material that is only 
loosely adhered to the electrode surface, with the successive scans leading to the 
development of a more coherent film that is resistant to reductive degradation. The 
peak at -0.883V can be attributed to the reduction of the nitro group to an amine on 
the 4N1N polymer. It should be noted that this reduction is now at a more negative 
potential than when the analogous process was observed for the monomer solution 
(reduction seen at -0.772V) which can be ascribed to the fact that the functional group 
is now surface immobilised within a polymer film, which along with the slowed 
electron transfer due to the presence of the polymer, means that a more negative 
potential is needed to cause the reduction. Upon successive scanning this peak was 
found to decrease, this is consistent with the formation of a 4N1N, phenol type 
polymer film, which is grown and passivates the electrode surface. The quinone/imine 
redox couple is, as expected, only present after the polymerisation of the monomer 
and the subsequent reduction of the nitro group within the film and in this instance the 
oxidation can be seen at -0.064V (Figure 7.9 D) with the corresponding reduction 
being seen as a shoulder on the reduction peak at -0.544V (Figure 7.9 E). The large 
peak separation seen for this redox couple can be attributed to the slowed electron 
transfer due to the presence of the 4N1N polymer film. The difference in the shape 
and potentials observed for the redox couple seen here, compared to that observed for 
the monomer solution, may be attributed to the fact that there may be a number of 
different types of redox centres present within the film depending on how the 
nitrophenoxy type radical coupling has occurred, and although the structure of the 
polymer may be complex and hasn’t been fully elucidated, the fact that we see a redox 
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couple is encouraging as this may allow the thiol species to be detected. The peak 
heights for the quinon/imine type redox couple remain the same on successive cycling 
indicating the formation of a stable polymer film which is switching between the 
active (oxidised) and inactive (reduced) thiol label forms. 
 
The 4N1N polymer was then 
investigated to see, firstly if it was stable 
and secondly if it could be 
electrochemically manipulated and 
subsequently reacted with sulphydryl 
thiols to facilitate their detection. A 
clean glassy carbon electrode was placed 
into a fresh solution of 4N1N 
(0.455mM, pH7) and was subjected to a 
single voltammetric cycle from 0V to 
+0.8V which was sufficient to allow the 
formation of the polymer at the electrode 
surface. The polymer modified electrode 
was then removed from the monomer 
solution, rinsed, to remove any loosely 
adhered material and placed within a 
buffer solution devoid of monomer. This electrode was then cycled repetitively to 
give the voltammetric profiles observed in Figure 7.10. 
 
The first scan, in the anodic direction, shows that no quinone/imine redox 
couple is seen until the nitro group on the polymer is reduced to the amine. This 
reduction is observed at -0.910V, which again is characteristic of a surface adsorbed 
species and slowed electron transfer. This reduction is only present on the first scan 
indicating that all of the nitro groups present on the polymer are reduced during this 
initial scan. The quinone/imine redox couple is now observed at – 0.039V and -
0.187V, for the oxidation and reduction respectively, with the broad peaks being 
indicating the presence of the surface adsorbed redox couple. The peak heights for 
these redox processes were found to decrease on successive scanning until a stable 
plateau was reached, this is highlighted on the graph insert in Figure 7.10 which 
Figure 7.10 Repetitive scan cyclic 
voltammogram showing the electrochemical 
manipulation of the 4N1N polymer modified 
electrode (pH 7). Insert: Shows a plot of the 
quinone/imine oxidation peak height vs. scan 
number. 
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shows the quinone/imine oxidation peak height vs. scan number and is such because 
there is an initial loss of loosely adhered, oligomeric material from the electrode 
surface before a stable equilibrium is attained. 
 
The 4N1N modified electrode was left with the quinone/imine intermediate in 
its oxidized form and was tested to see if it would react with sulphydryl thiols. Figure 
7.11 displays the cyclic voltammograms for the 4N1N polymer in the absence and 
presence of cysteine (Figure 7.11 A) and glutathione (Figure 7.11 B) (both at 88µM).  
 
 
 
Figure 7.10 Cyclic voltammograms detailing the response of the 4N1N polymer in the 
presence and absence of cysteine (A) and Glutathione (B) (88µM). 
 
A decrease in the oxidation peak for the quinone/imine intermediate can be 
seen which stands in contrast to the response observed by the monomer and suggests 
that the polymer degrades in the presence of the sulphydryl thiols resulting in a 
gradual loss of the redox group from the polymer surface. After the initial decrease in 
the redox processes, upon the further addition of thiol, the redox processes then 
remain the same height suggesting that the reactive portion of the polymer has been 
removed and although some of the polymer remains intact at the electrode surface its 
reactive site must be inaccessible to the thiol. The decrease in peak height is more 
pronounced for cysteine than glutathione and can be attributed to the size of the 
tripeptide limiting its ability to infiltrate and react with the film. These results suggest 
the applicability of this approach for reagentless sensing is flawed. 
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7.4. Conclusions 
 
The routes presented here show that the electrochemically produced 
quinone/imine type derivatives provide a selective method for the interference-free 
analysis of sulphydryl thiols. The derivatives were electrochemically polymerised to 
give stable films, however the ability of these films to provide reagentless sensing of 
sulphydryl thiols was severely compromised as the films were seen to degrade in the 
presence of these species.   
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Chapter 8 
 
Quinones as Colorimetric Labels for Thiol Analysis 
 
Abstract 
 
This chapter highlights the possibilty of exploiting the previously described 
nucleophilic addition reaction between thiol species and quinone derivatives as a 
route to provide the specific colorimetric detection of cysteine, homocysteine and 
glutathione. The interaction of a range of benzoquinone and naphthoquinone 
derivatives with the reduced sulphydryl thiols has been studied. It was hoped, in this 
instance, that different spectral properties would be observed for the starting material 
and the quinone-thiol conjugate and that this would allow the analysis of the thiol 
species involved in the reaction. It was found that 2,6-dimethylbenzoquione and the 
naphthoquinone-adamantane derivative (2-(adamantyl-1-carboxylic acid)-1,4-
naphthoquinone ester) reacted in the proposed way with the sulphydryl thiol species, 
and that superior selectively was observed for cysteine and homocysteine 
respectively. The spectral properties of each of these labels were examined and the 
possibility of using these systems as specific colorimetric determinants of the 
appropriate sulphydryl thiol assessed. The possibility of using electrochemical 
methods to quantify the conjugates produced was also examined in an attempt to see 
if the sensitivity of the colorimetric approach could be enhanced. 
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8.1. Introduction 
 
A range of techniques have been used for the qualitative and quantitative 
analysis of sulphydryl thiols including: high performance liquid chromatography 
(HPLC) [1-2], capillary electrophoresis (CE) [3], electrochemical detection [4-5], 
ultraviolet-visible detection [1-2] and fluorescent detection [6]. Colorimetric 
techniques based on visible spectrophotometry are becoming popular routes for 
analysis because they allow the analyte to be detected by the naked eye or by carrying 
out a simple spectrophotometric measurement. This method allows the analysis to be 
carried out quickly and without the need for expensive instrumentation, making it an 
even more attractive route for analysis. As cysteine, homocysteine and glutathione do 
not possess a native chromophore current colorimetric analysis relies on sample 
derivatisation with a colorimetric label [1-2].  
 
Ellmans reagent (5,5’dithio-(2-nitrobenzoic acid)) is one of the most 
commonly used labels for the colorimetric detection of sulphydryl thiols, turning 
yellow in the presence of the thiol species due the release of 5-thio-2-nitrobenzoic 
acid. This reagent is very sensitive but its use is limited as discrimination between the 
different thiol species in not possible [7]. Indeed differentiation of these thiol species 
is extremely difficult given the structural similarities and analogous chemical 
reactivities of the thiol species [8], but it would clearly be beneficial due to the 
implications that changes in the levels of these individual molecules have in a number 
of clinical conditions. As such many research groups are trying to develop new 
methods that can facilitate their individual unambiguous detection. Although the 
current issue surrounding discrimination is difficult, methods that can differentiate 
between the individual thiol species have been developed, their use is however still 
limited due to the problems associated with their analytical set ups [9-11].  
 
The work detailed within this chapter exploits the nucleophilic addition 
reaction between benzo/naphthoquinone derivatives and the sulphydryl thiol species 
in an attempt to find selective labels for each of the thiols under study. The basic 
reaction scheme should follow the same steps as indicated for the nucleophilic 
addition of the thiol species onto plumbagin as outlined in chapter 5. 
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 Scheme 8.1 highlights the same reaction for 1,4-benzoquinone (I) with 
cysteine, homocysteine and glutathione. As described previously, the initial reaction 
product is the reduced form of the quinone-thiol conjugate (II), this is readily 
oxidized by either molecular oxygen or by the quinone starting material to give the 
oxidized quinone-thiol conjugate (III). It was hoped that the spectral properties of this 
newly formed conjugate would be different when compared to the starting quinone 
such that it would allow the thiol concentration to be determined. In the case of 
cysteine (Scheme 8.1 a) and homocysteine (Scheme 8.1 b) intramolecular cyclisation 
can occur to give secondary conjugates, (IV) and (V) respectively and it was 
envisaged that the altered conjugation of these secondary adducts would result in a 
further spectral change thus allowing cysteine and/or homocysteine to be determined 
and providing a route for the unambiguous determination of the thiol constituents 
within the sample via a multi-parametric approach. Based on this hypothesis a range 
of benzoquinone and naphthoquinone derivatives were examined. The derivatives that 
displayed the desired reaction characteristics were assessed further to see if there was 
any possibility of using this approach for the analysis of sulphydryl thiols. 
 
Scheme 8.1 Reaction pathway of quinones, in this case benzoquonone, with sulphydryl thiol 
species (RSH). 
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Figure 8.1 Structure of 
naphthoquinone-adamantane 
derivative. 
8.2. Experimental Details 
 
8.2.1. Materials and Methods 
 
All reagents were of the highest grade available, were used without further 
purification and unless stated otherwise were purchased from Sigma Aldrich (UK) or 
Alfa Aesar (UK). Benzo/naphthoquinone derivative solutions (typically 10mM) were 
prepared in methanol, protected from light and were diluted accordingly prior to use. 
Stock solutions of cysteine, homocystene and glutathione (typically 10mM) were 
prepared daily in pH 7 Britton-Robinson buffer. Creatinine, L-histidine, L-ascorbic 
acid, L-lysine, glycine (typically 1mM) and albumin (50mg/L) were prepared in pH 7 
Britton-Robinson buffer and stock solutions of uric acid (1mM), dithiothreitol (5mM) 
and cystine (25mM) were prepared in 0.1M sodium hydroxide.    
 
Spectral measurements were made on a Perkin Elmer Lambda 25 UV/VIS 
Spectrometer (Perkin Elmer Inc, USA) using a UV quartz cuvette with a sample 
volume of 0.7ml and a PTFE stopper (sigma Aldrich, UK). Electrochemical 
measurements were conducted using a μAutolab computer controlled potentiostat 
(Eco-Chemie, Utrecht, The Netherlands) using a three electrode configuration 
consisting of a glassy carbon working electrode (3 mm diameter, BAS Technicol, 
UK), a platinum wire counter electrode and a 3M NaCl Ag | AgCl half cell reference 
electrode (BAS Technicol, UK). In the case of the latter work for this chapter 
(centrifugal filter electrochemistry) an electrode assembly consisting of a plasma 
treated screen printed carbon working and counter electrode and a silver/silver 
chloride paste reference electrode (Lifescan, UK) was used. Unless specified 
otherwise all measurements were conducted at 22
o
C ± 2
o
C. 
 
8.2.2. Preparation of the Naphtoquinone-adamantane Derivative  
 
 The naphthoquinone-adamantane derivative 
[2-(adamantyl-1-carboxylic acid)-1,4-naphthoquinone 
ester], illustrated in Figure 8.1, was prepared from 2-
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hydroxy-1,4-naphthoquinone and adamantane-1-carboxyl chloride using the 
procedure previously developed by the research group [12]. 
 
8.3. Results and Discussion 
 
8.3.1.  Benzoquinone Labelling Strategies 
 
A range of benzoquinone 
derivatives were assessed to see if 
they had any aqueous solubility. The 
ones that were soluble were 
subsequently examined to see if their 
spectrophotometric profile was 
stable over a prolonged time period 
and if there was any alteration in this 
profile in the presence of the 
sulphydryl thiols. Figure 8.2 shows 
the spectral response for the most 
stable and reactive label, 2,6-
dimethylbenzoquinone (2,6-DMBQ) 
(1mM, pH7 Britton-Robinson 
buffer) in the absence (Figure 8.2 blue) and presence of the sulphydryl thiol species 
(0.25 mM): cysteine (Figure 8.2 red), homocysteine (Figure 8.2 green) and 
glutathione (Figure 8.2 purple) ten minutes after thiol addition. Upon the 
introduction of thiol species a bathochromic shift from 330nm to 424nm, 426nm and 
440nm was observed for glutathione, homocysteine and cysteine respectively. This 
can be attributed to the loss of the initial quinone and the formation of the 
corresponding quinone-thiol conjugates (Scheme 8.1 III). An additional 
bathochromic shift to 460nm, along with peak broadening, is observed for cysteine 
ten minutes after the thiol addition which can be attributed to the formation of the 
cyclised quione-thiol conjugate as outlined in Scheme 8.1 IV. No additional changes 
in the spectral profiles were seen for glutathione and homocysteine which can be 
attributed to the fact that cyclisation is not possible with glutathione and whilst  
Figure 8.2 Spectral response of 2,6-DMBQ 
(1mM, pH7) in the absence (blank) and presence 
of glutathione, homocysteine and cysteine 
(0.25mM) ten minutes after thiol addition. 
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cyclisation may occur with homocysteine it will probably be at a much slower rate 
when compared to cysteine. Table 8.1 shows the structure of 2,6-DMBQ and the 
corresponding molar absorptivities for the quinone-thiol conjugates formed after ten 
minutes. Although the sensitivity of the 2,6-DMBQ label is weak, especially in 
comparison to the commercially available labels such as Ellman’s reagent (~13,000 L 
mol
-1
 cm
-1
) [14], the system still has some potential for the speciation of cysteine due 
to the second spectral shift and the fact that the physical appearance of the resultant 
solution is notably different for cysteine when compared to the other thiol species 
(pink compared to yellow). 
 
 
Table 8.1 Chemical structure of 2,6-DMBQ, ʎmax shift, absorbance and molar absoptivities for 
the quinone-thiol conjugates formed. 
 
The variations in the spectral profiles of 2,6-DMBQ in the presence of the 
different thiol species therefore offers a potential route for the colorimetric 
determination of cysteine and the performance of this label to facilitate the 
determination of cysteine/cystine was therefore assessed. In terms of the latter, as 
previously discussed within this thesis, it is necessary to reduce the disulphide to 
release the thiol moiety which is used within the analysis. A range of different 
reducing agents were studied in an attempt to find one that would be suitable for use 
within this assay including mercaptopropanol, mercaptoethanol, tris(2-
Carboxyethyl)phosphine hydrochloride, sodium borohydride and dithiothreitol (DTT), 
and although all were successful at cleaving the disulphide bond, only DTT did not 
significantly interfere with the spectrophotometric determination of the cysteine 
released.  
 
 
Scheme 8.2 Reduction of disulphides (R-S-S-R) with DTT. 
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 The DTT reduction route is detailed in Scheme 8.2 and for DTT to be used 
successfully as a reducing agent it must be prepared in a basic solution, typically pH8. 
This ensures that the nucleophilic nature of the thiol function is maintained, thus 
allowing the reduction and subsequent cyclisation of the DTT to occur. When the 
spectral profile of 2,6-DMBQ (1mM, pH7) in the presence of cysteine (0.5mM) and 
DTT (5mM, 0.1M NaOH) was evaluated, the extent of the spectral shift initially seen 
after a 10 minute period (Figure 8.2) for the cysteine-quinone conjugate was reduced. 
This can be attributed to the fact the increased basicity reduces the rate at which the 
conjugate cyclises (Scheme 8.1 III→IV) therefore decreasing the concentration of 
the conjugate responsible for the characteristic shift. This now limits the system for 
the speciation of cysteine due to the spectral overlap of this species with the 
glutathione and homocysteine conjugates. This issue can be resolved by making the 
2,6-DMBQ solution slightly acidic before it is mixed with the reduced sample, this 
will adjust the pH of the solution counteracting the aforementioned effect allowing the 
selective colorimetric determination of the cysteine produced in the presence of 
homocysteine and glutathione either by eye or by measuring the absorbance at 
600nm, as highlighted in Figure 8.3. 
 
 
 
Figure 8.3 Spectral response of acidified 2,6-DMBQ in the absence and presence of 
glutathione:DTT, homocysteine:DTT and cysteine:DTT (0.5mM:5mM) after ten minutes. 
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Figure 8.5 The spectral response for 2,6-DMBQ 
in the absence (blank) and presence of 
cysteine:DTT and cystine:DTT. Insert: 
Photograph showing the resultant solutions in the 
preference of a range of sample interferents. 
To assess whether this assay 
could be applied in the context of 
quantitative cystine analysis, a 
calibration series was carried out for 
cysteine in the presence of DTT. The 
corresponding spectral responses, 
photographic image and calibration 
curve are shown in Figure 8.4. The 
calibration data was linear over a 
sample concentration range of 0-
700µM with the equation of the line 
being: Absorbance = 
0.00006[Concentration of Cysteine 
in the sample (µM)] + 0.0442, 
having a correlation coefficient R
2
 = 
0.9943. 
 
A solution containing 
cystine (250µM) and DTT (5mM) 
was prepared and allowed to stand 
for 10 minutes so that all the cystine 
would be reduced to cysteine. This 
solution was then added to an 
acidified solution of 2,6-DMBQ 
(1mM) and the reaction mixture was 
left for an additional ten minutes 
before the spectral profile was 
recorded. The spectral response 
observed for this cystine/DTT mix 
was almost identical to that seen 
when the same process was repeated 
for a solution containing a cysteine 
(500µM) and DTT (5mM) mix as illustrated in Figure 8.5. The absorbance for the 
Figure 8.4 The spectral responses, photographic 
image and calibration curve for the cysteine 
calibration in the presence of DTT. 
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cystine/DTT solution was measured at 600nm and the concentration of cysteine 
released determined from the calibration graph previously obtained. The 
concentration of cysteine was found to be 482.77µM, with the experiment having a 
96.55% average recovery (%RSD = 2.46, N = 3) thus proving the tentative 
applicability of the procedure. The spectral response of 2,6-DMBQ in the prescene of 
DTT (5mM) to a range of components that are typically present within biological 
samples: a. creatinine, b. L-histidine, c. ascorbic acid, d. L-lysine, e. glycine, f. uric 
acid, g. albumin (from bovine serum), h. homocysteine, i. glutathione, j. cysteine and 
k. cystine, (1mM solutions, except albumin where a 50mg/L solution was used) were 
assessed and the photograph (Figure 8.5 insert) shows the resultant solutions after 
ten minutes. The failure of these other species to elicit the same change in spectral 
profile seen for cysteine along with the data described previously clearly demonstrates 
the selectivity of 2,6-DMBQ as a colorimetric label for the detection of the latter, 
even though the overall sensitivity of the system is compromised by the low molar 
absorptivity of chromophores present. 
 
Electrochemical methods are 
known to have superior performance 
characteristics when compared to 
spectrophotometric methods and it 
was it therefore envisaged that the 
presence of the quinone moiety on 
the 2,6-DMBQ would allow the 
sulphydryl thiols to be determined 
due to the differences in the redox 
properties of the initial quionone and 
the quinone-thiol conjugates formed, 
much like the route employed within 
Chapter 5. Cyclic voltammograms 
detailing the electrochemical 
behaviour of 2,6-DMBQ (454µM, 
pH7) in the absence and presence of 
cysteine (red), homocysteine (green) and glutathione (blue) (111µM, pH7) are 
detailed in Figure 8.6.  
Figure 8.6 Cyclic voltammograms detailing the 
response of 2,6-DMBQ (454µM,pH7) in the 
absence (black line) and presence of cysteine (red 
line), homocysteine (green line) and glutathione 
(blue line) (111µM, pH7). 
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The 2 electron, 2 proton reduction and re-oxidation of the quinone component 
can be seen at -0.16V and 0.12V respectively and follows the process typically 
expected for quinone species as discussed elsewhere within this thesis. As expected, 
in the presence of the reduced sulphydryl thiol species, a change in the 2,6-DMBQ 
redox couple can be seen, with a decrease in the reduction and re-oxidation peaks 
observed and although there is the emergence of a new redox couple in the presence 
of cysteine the new peaks are not fully resolvable and so 2,6-DMBQ has limited use 
as an electrochemical label showing inferior selectivity compared to the plumbagin 
previously studies and so was not examined further. 
 
8.3.2. Naphthoquione Labelling Strategies 
 
 The same route 
applied previously for 
the study of the 
benzoquinone 
derivatives was used to 
evaluate the applicability 
of using a range of 
naphthoquinone 
derivatives as labels for 
the selective 
determination of 
sulphydryl thiol species. 
Although a range of 
derivatives were studied, 
the naphthoquinone-
adamantane (NQ-Ada) 
derivative, 2-(adamantyl-
1-carboxylic acid)-1,4-
naphthoquinone ester, 
previously synthesized by the research group [12] was found to have the most useful 
spectral profile. Figure 8.7 shows the spectral profile for the NQ-Ada derivative 
Figure 8.7 Spectral response of NQ-Ada (500µM) in the 
absence (blank) and presence of glutathione, homocysteine and 
cysteine (238µM) 5 minutes after thiol addition.  
Insert: Photograph showing the appearance of the spectral 
solutions (blue line) (111µM, pH7). 
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(500µM, methanol) in the absence (Figure 8.7 black) and presence of the thiol 
species (238µM) 5 minutes after thiol addition. A bathochromic shift from 333nm to 
407nm, 443nm and 460nm can be seen for glutathione (Figure 8.7 green), cysteine 
(Figure 8.7 red) and homocysteine (Figure 8.7 blue) respectively. These differences 
can be attributed to the formation of the different quinone-thiol conjugates. The 
spectra for the mocysteine NQ-Ada conjugate is notably different to that observed for 
the other conjugates, here the λmax is at a higher wavelength, the peak is broader in 
comparison to the others shown and a new peak appears to be emerging at 
approximately 580nm. The photo insert in Figure 8.7 shows the characteristic 
differences in the appearance of these solutions. 
 
The spectral differences open up a possible route for the detection of 
homocysteine, if the absorbance is recorded in the tail of the conjugate peak were no 
interference from the cysteine and glutathione NQ-Ada conjugates or the NQ-Ada 
monomer can be seen. The molar absorptivities of the quinone-thiol conjugates are 
illustrated in Table 8.2, the latter, like those calculated for the benzoquione 
derivatives are low and this, along with the low concentration range experienced for 
homocysteine within biological samples and the poor aqueous solubility of the NQ-
Ada label will seriously impede the application of this derivative for the colorimetric 
speciation of homocysteine within a sample so alternative routes must be explored. 
 
 
Table 8.2 λmax, absorbance and molar absorptivities for the naphthoquinone-adamantane 
derivative and the corresponding thiol conjugates formed. 
 
The approach advocated in this case exploits the different hydrophobic and 
hydrophilic properties of the NQ-Ada label and its thiol conjugates to facilitate thiol 
detection. Electrochemical quartz crystal microbalance studies were carried out to 
prove the viability of this concept and the results are highlighted in Figure 8.8. 
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Figure 8.8. EQCM data for a solvent cast NQ-Ada film in the absence and presence of cysteine, 
homocysteine and glutathione (1mM, pH7).  
 
The approach advocated in this case exploits the different hydrophobic and 
hydrophilic properties of the NQ-Ada label and its thiol conjugates to facilitate thiol 
detection. Electrochemical quartz crystal microbalance studies were carried out to 
prove the viability of this concept and the results are highlighted in Figure 8.8. 
A platinum coated quartz crystal was coated in a layer of the NQ-Ada (solvent 
cast) and was placed into a solution of deionised water, the deposited layer was stable 
for well over an hour (Figure 8.8. blank) and confirms that the NQ-Ada derivative is 
hydrophobic. When the thiol species were added (1mM) to the solution (cysteine, 
homocysteine and glutathione Figure 8.8 blue, green and black lines respectively), 
after a 5 minute period, the frequency of the crystal was found to increase 
corresponding to a decrease in weight and therefore indicating that the NQ-Ada 
becomes hydrophilic as it reacts with the thiol species to give the conjugate, thus 
confirming the earlier hypothesis.   
Figure 8.9 illustrates how the method can be applied for the colorimetric 
detection of the thiol species. The NQ-Ada label is loaded onto precut filter paper 
circles which are then placed within a centrifugal filter assembly. This construct is 
hydrophobic and thus immobilised within the system and will remain so until it comes 
into contact with a reduced sulphydryl thiol species. The quinone-thiol conjugate 
formed is hydrophilic and is therefore rendered mobile within the system and so upon 
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centrifugation the conjugate is able to pass through the filter assembly and will be 
present within the filtrate. 
 
 
Figure 8.9 Schematic 
illustrating the centrifugal 
approach for the analysis of 
sulphydryl thiols using the 
NQ-Ada label. 
 
 
 
 
 
 
 
 
The presence of the thiol-NQ-Ada conjugate in the filtrate should be detectable via 
colorimetric means, however the concentration of the quinone-thiol conjugate passing 
though the filter is very low (µM concentration range) and as the concentration of the 
reduced thiol species in the sample will also be low, and although the differences in 
colour can be seen by eye, the selective determination by spectrophotometric 
techniques cannot be achieved due to the low molar absorptivity of the label. Due to 
the enhanced sensitivity of electrochemical techniques we do however have a 
potential route that can be used to evaluate the concentration of the quinone-thiol 
conjugate and, as such, the electrochemical performance characteristics of the system 
were assessed. 
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Initially solutions 
containing large amounts of 
thiols (500µM) were examined 
to see if the filter-
electrochemical approach 
could be used to facilitate thiol 
analysis. The thiol solutions 
and blank solution (no thiol 
present) contained 100µM KCl 
to provide the electrolyte for 
the reference electrode. These 
solutions were added to the 
centrifugal filter set up (Figure 
8.9), left to react for ten 
minutes and then centrifuged 
at 4000rpm for ten minutes. 
The electrochemistry of the 
filtrate was assessed 
immediately after centrifugation and the square-wave voltammogramms detailing the 
response of a plasma treated screen printed electrode assembly (lifescan uk) to the 
resultant sample solutions after centrifugation are detailed in Figure 8.10. 
 A pre-treatment step, where an oxidising potential of +0.5V was applied to 
the electrode for 5 seconds, was used to ensure that the all of the conjugate in the 
filtrate was present in the oxidised form prior to analysis. In Figure 8.10 reduction 
peaks at -0.73V and -0.85V for the filtered homocysteine (green), cysteine (purple) 
and glutathione (red) solutions respectively, which can be attributed to the reduction 
of the quinone component on the NQ-Ada-thiol conjugate. The lack of any 
appreciable signal for the blank solutions (Figure 8.10 black and blue) confirms that 
the NQ-Ada derivative is immobilised within the filter assembly and will only pass 
through to the filtrate if the thiol species is present. The above procedure was repeated 
for samples containing molecules such as albumin and glycine that could interfere 
with the analysis and the responses observed were identical to the trace observed for 
the blank filtered solution thus highlighting the efficacy of the approach for the 
Figure 8.10 Square-wave voltammograms detailing the 
response of a screen printed electrode assemble to a 
blank solution (prior to and after centrifugation) and 
thiol solutions (500uM) after centrifugation through an 
NQ-Ada saturated system in the presence of KCl 
(100uM). 
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determination of thiol species, however, the low currents recorded for such high 
concentrations of thiol species present, show that the selectivity of the approach is 
extremely limited. 
 
8.4. Conclusions  
Benzoquinone and naphthoquinone derivatives have been shown to be 
selective labels for the analysis of reduced thiol functionalities. The reaction pathway 
that causes the changes in the spectral profiles have been elucidated and the 
selectivity of the assays along with their adaptability to be used with electrochemical 
detection routes have been assessed. Although the assays have limited sensitivity, 
they do highlight a possible route for the determination of thiol species if these issues 
can be resolved. 
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Chapter 9 
 
The Development of a Uric Acid Sensor for Wound 
Management 
 
Abstract 
 
 pH plays a significant role in the wound healing process and as such wound 
status can be assessed through monitoring the pH of wound exudates. The 
electrochemical oxidation of uric acid is pH dependent and so, due to the prevalence 
of this species within biological fluids, the possibility of exploiting the shift in the 
potential observed for the electrochemical oxidation of uric acid, upon variation of 
pH, as a possible method to evaluate wound status was investigated. Disposable 
screen printed electrode assemblies have been characterised and their response to uric 
acid assessed. The electrode response to uric acid was found to change linearly with 
pH and it was observed that when the working electrode had been subjected to an 
anodic pre-treatment that the performance criteria of the electrode could be enhanced 
to an acceptable level that would allow the pH of the sample to be determined. A 
preliminary investigation to assess the efficacy of using this pH dependent uric acid 
response to determine the pH of whole blood is presented. 
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9.1. Introduction 
 
Wound healing is a fragile and complex process consisting of a series of 
stages: hemostasis, inflammation, proliferation and tissue remodelling [1-3]. Each 
stage is well regulated to bring about effective healing but the process can be affected 
by a number of factors, endogenous and exogenous, and will be severely 
compromised if an infection develops within the wound [4-5]. A number of factors 
may be responsible for a wound becoming infected, the most common being the 
invasion and colonisation of the wound by opportunistic bacteria such as 
Staphylococcus aureus, Escherichia coli and Enterococci [6-7]. The threat of 
infection is a constant problem and is complicated further within a healthcare 
environment given the prevalence of hospital acquired infections (HAIs) [8-9] and the 
ongoing issues surrounding antibiotic resistance [10-11]. There is therefore an urgent 
need for the development of new technologies that can reduce the incidence of 
infection and/or detect the onset of an infection within the wound which would alert 
clinicians to the change in wound status and therefore allow earlier and potentially 
more effective treatment to be carried out. 
 
The pH of a wound contributes significantly to all of the biochemical 
processes that bring about successful wound healing [12]. One example being that it is 
principally involved in regulating the activity and conformation of enzymes 
(proteinases) responsible for tissue generation during the remodelling stage [1]. The 
pH of a normal healing wound will fluctuate during the healing process, from a 
neutral pH to an acidic pH with a lower pH limit of approximately 4.8, thus regulating 
the individual processes. The acidic environment is important as it increases the 
amount of oxygen present within the healing tissue, stimulating wound healing, whilst 
inhibiting bacterial growth and reducing the histotoxicity of any bacterial end 
products [13-14]. Deviations from the expected pH sequence or normal pH range can 
therefore indicate that certain problems are occurring during the healing process. Of 
particular significance is a rise in the pH of a wound; the increased alkalinity will 
promote the colonisation and survival of bacterial species within the wound and so the 
rise can be an indicator that infection is present [12-14]. Given these factors, it is clear 
to see why the measurement of surface wound pH is regarded as a simple and 
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effective approach for wound monitoring/management strategies [14]. A number of 
non-invasive methods can be used to determine the pH of a wound including a 
conventional glass pH probe [14], wound dressings that contain indicator species that 
change colour with pH [15] and more advanced biosensor type systems [16], all of 
which have the primary aim of detecting when the pH of the wound deviates into the 
alkaline region [14-16]. These systems can be very effective, however, due to their 
size, complexity and the ambiguity associated with some of the results obtained, the 
development of a smaller, more reliable system that could be cheaply manufactured 
and easily integrated within a wound dressing to provide a numerical pH 
measurement would be a clear advantage. 
 
Uric acid is the end product of purine metabolism and is therefore present 
within a range of biological fluids including wound exudates. It is a strong reducing 
agent and an important antioxidant that has a number of vital roles within the body. 
Uric acid has long been recognised as a biomarker for assessing conditions such as 
hypertension [17], renal disfunction [17-18] and cardiovascular diseases [19] that are 
associated with oxidative stress, whereby the severity of the underlying condition is 
directly related to the uric acid concentration. The electrochemistry of uric acid is 
dominated by the two electron, two proton oxidation as illustrated in Scheme 9.1. The 
oxidation of uric acid (I) gives the corresponding di-imine (II) which is unstable and 
readily reacts with water to give the final oxidation product allantoin (III) [20].  
 
 
Scheme 9.1 The oxidation of uric acid. 
 
The current produced and measured during this oxidation is derived solely 
from the initial oxidation process (Scheme 9.1 I→II) and the current response will be 
proportional to the concentration of uric acid within the sample. The position of this 
oxidation peak has been found to be pH dependent, with the ease of oxidation 
increasing linearly with pH [21-22]. It was therefore envisaged that the uric acid 
present within a wound and its pH dependent electrochemistry could be exploited to 
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form a detection strategy within a smart sensor that would provide a quantitative 
assessment of wound pH and give an indication of wound status. Although uric acid 
concentrations within a wound will vary within the reference range 190–420 µM [23-
24], depending on the individual, wound status and the presence of bacterial species 
[25], the diagnostic remit of the proposed sensors lies not in the extraction of an 
absolute uric acid concentration but rather with the relative position of the oxidation 
peak and so this variability in uric acid concentration is unimportant within this work. 
 
The work detailed within this chapter looks at utilising standard screen 
printed, disposable electrode assemblies as the sensing platform. The screen printed 
electrode assemblies currently available often have poor electrode characteristics 
when trying to assess biological components within complex sample matrices. It was 
therefore envisaged that carrying out an anodic pre-treatment, which is known to 
improve the performance criteria of carbon based electrodes, would enhance the 
sensitivity of the sensing platform [26-27]. 
 
9.2. Experimental Details 
 
All reagents were of the highest grade available, were used without further 
purification and unless stated otherwise were purchased from Sigma Aldrich (UK) or 
Alfa Aesar (UK). Stock solutions of uric acid (typically 10 mM) were prepared in 
0.1 M sodium hydroxide. Britton–Robinson buffer was used throughout as the 
supporting electrolyte and was adjusted to the appropriate pH through the addition of 
sodium hydroxide. 
 
Electrochemical measurements were conducted using a µAutolab computer 
controlled potentiostat (Eco-Chemie, Utrecht, The Netherlands) using a three 
electrode configuration. A plasma treated screen printed carbon electrode or a 
standard screen printed carbon electrode (Lifescan, UK) was used as the working 
electrode (either left untreated or treated using an anodic oxidation), platinum wire 
served as the counter electrode and a 3 M NaCl Ag | AgCl half cell reference 
electrode (BAS Technicol, UK) completed the cell assembly. Anodic pre-treatment 
was achieved by applying a potential of +0.2V to the electrode for 5 minutes in a 
solution of 0.1M sodium hydroxide. All measurements were conducted at 22
o
C ± 2
o
C. 
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9.3. Results and Discussion 
 
Figure 9.1 shows the square-
wave voltammogramms detailing the 
response of the unmodified and 
electrochemically anodised screen 
printed electrodes (SPE) (Figure 9.1 
a) and plasma treated screen printed 
electrodes (PSPE) (Figure 9.1 b) 
towards uric acid (244µM, pH 7.2). 
The two electron, two proton 
oxidation of the uric acid (Scheme 
9.1) is visible, albeit slightly 
different, on all of the voltammetric 
profiles displayed. The response of 
the unmodified PSPE to uric acid 
(Figure 9.1 b-blue) is more apparent 
than the response observed for the 
unmodified SPE (Figure 9.2 a-blue) and can be attributed to the fact that plasma 
treatment of screen printed carbon electrodes can enhance their electrochemical 
properties therefore improving the signal response [28-29]. The response observed for 
the electrodes to uric acid was, in both cases, improved upon the application of an 
anodic pre-treatment step (Figure 9.1 a and b red), as predicted, and is in keeping 
with work previously published [26-27]. The anodised PSPE gave the best profile for 
the oxidation of uric acid (Figure 9.1 b-red). A sharp, fully resolvable oxidation peak 
can be seen at +0.312V, which stands in marked contrast to the broader, less 
pronounced peaks observed for the other electrode assemblies tested. This can be 
ascribed to the combinational effects that the plasma treatment and anodisation steps 
have had on modifying the electrode surface (i.e. improved wettability, surface 
reactivity, porosity and conductivity). The anodised PSPE electrode was therefore 
used for all of the subsequent investigations as the sensing platform. 
 
Figure 9.1 Squarewave voltammograms 
highlighting the response of a. SPE and b. PSPE, 
with (red profiles) and without (blue profiles) 
anodisation, to uric acid (244µM, pH 7.2). 
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 The intended application of 
the electrode assembly is to 
determine the sample pH by 
monitoring the variation in the 
oxidation peak observed for uric acid 
upon altering the pH. A calibration 
type series was therefore examined 
to see if a pH dependent peak shift 
could be established at the anodised 
PSPE for uric acid, laying down the 
foundations for this measurement. 
Figure 9.2 shows the voltammteric 
responses of the anodised PSPE to 
uric acid (244µM) when the pH of 
the test solution was varied over a 
pH range of 3.66 to 9.79. In each case, regardless of the pH, a well defined peak for 
the oxidation of uric acid can be observed, and it is clearly apparent that the position 
of this peak shifts to more negative potentials as the pH increases. This shifts follows 
a linear response with the equation: E(V)= -0.0599[pH] + 0.747 and the correlation 
coefficient R
2
=0.992. The establishment of this linear response highlights the 
potential applicability of using the proposed methodology for making pH 
measurements. Although not directly relevant to this study it should be noted that the 
current response observed for the oxidation decreases as the pH increases. This shows 
that the electrodes have a better response to uric acid in acidic solutions. 
 
 The viability of the anodised PSPE for use within biofluids was assessed by 
determining the pH of a whole blood sample via measuring the position of the uric 
acid oxidation. Whole blood was chosen as the principle test medium as it would 
represent a strong challenge to the sensor whilst enabling a valid pH measurement to 
be made as the sample from a healthy volunteer would be subject to stringent 
homestatic regulation, with the expected pH being in the range of 7.32-7.43 [28]. The 
whole blood sample, approximately 50µl, was extracted from the subject via the 
fingerprick method and was analysed directly without any sample pre-treatment. 
Figure 9.3 shows the voltammetric response of the electrode assembly to a whole 
Figure 9.2 Squarewave voltammograms detailing 
the response of the APSPE to uric acid (244µM) 
at various pH.  
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blood sample, with the repetitive scans showing the reproducibility of the approach. 
The uric acid oxidation peak is clearly visible as a sharp fully resolvable peak at 
+0.304V providing an unambiguous signal from which the pH can be deduced. Other 
oxidation processes can be seen on the voltammogram– a broad peak at +0.689V is 
observed and can be attributed to the direct oxidation of other amino acids present 
within the sample. The position of this oxidation peak is important as it demonstrates 
that there will be no interference seen for the uric acid response and so the 
measureable signal is solely due to uric acid and the position can therefore be directly 
related to the pH of the sample. 
 
 
Figure 9.3 The successive scan voltammetric response of the anodised PSPE to whole blood. 
 
Upon successive scanning the peak position for uric acid is stable for four 
scans, after which it begins to deviate from its initial value which can be attributed to 
the electrode being fouled by the coagulation of the sample at the electrode surface 
and from the oxidation of the sample components. The height of the uric acid peak 
also diminishes on successive scanning and, although irrelevant to this study, it is 
indicative of the depletion of the uric acid species at the electrode surface due to its 
irreversible oxidation. Signal broadening is also apparent and can be ascribed to the 
aforementioned electrode fouling. Evidence of electrode contamination is also 
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apparent due to the emergence of the new oxidation peak on the second scan at 
approximately +0.024V. 
 
The position of the uric acid oxidation peak (+0.304V) and the previously 
determined calibration data were used to determine the pH of the blood sample and 
ensure the accuracy of the sensing approach investigated. The results obtained for a 
range of electrode assemblies; different electrodes (APSPE - Inter), the same 
electrode (APSPE - Intra) and a electrode after it had been stored for two week 
(APSPE Storage), are displayed in Table 9.1 and proves the effectiveness of using 
this approach on real biological samples as the resultant pH in all cases falls well 
within the accepted pH range for venous blood (from 7.32 to 7.43) [28].  
 
 
Table 9.1 Sensor results. 
 
The intra and inter reproducibility (same strip and multiple strips respectively) 
has been calculated and the low RSD values in both instances show that little 
variation in the measurement has occurred when comparing the responses observed. 
Although the previous square-wave voltammogram (Figure 9.3) shows that the intra 
reproducibility is limited due to the inherent electrode fouling, which makes the 
sensing assemblies only suitable for measurements on one sample, the fact that the 
variability between different sensing assemblies is extremely low means that 
comparative measurements of the wound environment can still be made by periodic 
monitoring using fresh electrode assemblies. 
 
A number of electrode assemblies were fabricated and stored in a closed 
container at ambient room temperate for two weeks before the test on whole blood 
was carried out (Table 9.1 APSPE Storage). High levels of accuracy and 
reproducibility were seen between these different electrodes, indicating that the 
modified electrode assemblies are stable after storage reinforcing the fact that the 
approach is applicable for pH sensing.  
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9.4. Conclusions 
 
 The modified PSPE assemblies have been shown capable of providing a 
robust and versatile sensing system for determining pH. When comparing the screen 
printed electrode assemblies currently available, the plasma treated surfaces give an 
enhanced electrochemical response over standard screen printed systems and the 
further modification of these electrodes via anodic oxidation pre-treatment methods 
can enhance the resolution further. A sensitive route for the detection of uric acid 
across a range of different pH’s has been demonstrated and assessment of the uric 
acid peak shift with changing pH has been shown to be linear over the applicable pH 
range, thus highlighting the feasibility of the approach as an indirect route to 
determine the pH in whole blood. 
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Management: A Generic Sensing Strategy? 
 
Abstract 
 
The adaptation of the electrode assembly previously described in chapter 9, so 
that it could be used as a disposable pH sensor for integrated wound management, is 
described. It was found that by incorporating a fixed amount of potassium chloride as 
an internal reference, relative to the amount of chloride ions typically present within 
biological fluids, into the calibration standards, that the pre-printed silver/silver 
chloride paste reference electrode on the commercially available electrode assembly 
could be used to monitor the oxidation of uric acid. This allowed the pH of a sample 
to be determined accurately, on a disposable sensing strip, without the need for an 
external reference electrode. The performance characteristics of the uric acid based 
pH sensor were affected by the construction technique used during sensor fabrication. 
It was noted that cold sensor assembly was favourable over thermal construction 
methods giving a clearer voltammetric trace for uric acid. The applicability of using 
this fully disposable sensing assembly for measuring the pH of whole blood has been 
assessed and the possibility of adapting the sensor assembly for the analysis of 
reduced sulphydryl thiols is also explored. 
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10.1. Introduction 
 
 The sensor system developed in chapter 9 was used to explore the potential of 
utilising the characteristic shift in the position of the two electron, 2 proton oxidation 
of uric acid with pH to determine the latter within biological samples. The possibility 
of being able to determine the pH of biological fluids would clearly be a significant 
advantage in a number of clinical contexts given the problems that can occur when the 
pH of these fluids such as blood [1-2], wound exudates [3-5] and cerebrospinal fluids 
[6] deviate from the normal reference range. Although the system developed in 
chapter 9 displayed excellent performance characteristics for determining the pH of a 
sample, its use in a real life sensing scenario is limited due to the crude construction 
and complexity of the sensing platform. In this instance an external silver/silver 
chloride reference electrode was used alongside the screen printed carbon working 
and counter electrodes on a commercially available disposable electrode assembly. 
This places a significant size limitation on the assembly and severely impedes the 
possibility of using this sensor at the point of care. This chapter therefore describes 
the work carried out to develop an integrated sensing platform that could be used to 
determine the pH of biological samples, in-situ, at the point of care. 
 
 The plasma treated, 
screen printed electrode 
assemblies (PSPE) used in 
chapter 9 (Figure 10.1) have 
three electrodes available for 
use: a screen printed carbon 
working electrode (WE) and counter electrode (CE) and a silver/silver chloride paste 
reference electrode (RE.) The fact that all of these electrodes are present opens up the 
possibility of using this electrode assembly as the full sensing unit as opposed to just 
using the WE and CE employed in the work detailed in chapter 9. The use of solid-
state silver/silver chloride electrodes can however be problematic because of the need 
to have a fixed amount of internal electrolyte present at the electrode surface so that 
the reference potential can be produced [7]. Numerous routes have been developed so 
that these solid-state electrodes can be used as stable, accurate reference electrodes, 
which primarily involves coating the electrode surface with electrolyte doped 
Figure 10.1 The electrode assembly – working 
electrode (WE), counter electrode (CE) and reference 
electrode (RE). 
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materials [7-10]. In this instance it was envisaged that a fixed amount of electrolyte, 
potassium chloride, could be incorporated into the uric acid pH calibration series, and 
the sample, therefore acting as the internal reference. This would allow the 
silver/silver chloride electrode on the sensing assembly to be used as the reference 
electrode, removing the need to have an external reference electrode present thereby 
making the assembly suitable for portable sensing applications. To make the electrode 
assembly suitable for use at the point of care it is necessary to develop a sensing 
format that would protect the electrode assembly from damage and, more importantly, 
allow the safe and controlled application of the sample. It was envisaged that the 
electrode assembly could therefore be incorporated within a laminate structure which 
would allow the aims to be met whilst enabling the electrodes to be connected to a 
portable potentiostat so that the sample could be processed and analysed . 
  
The work detailed within this chapter looks at utilising the full PSPE assembly 
for determining the pH of biological fluids based on the position of the peak produced 
for the oxidation of uric acid. The last part of this chapter investigates whether the 
sensing platform can be modified to provide a generic device which, in this instance, 
could be used to detect the presence of reduced sulphydryl thiols and the applicability 
of this alternative sensing strategy has subsequently been assessed. 
 
10.2. Experimental Details 
 
10.2.1 Materials and Methods 
 
All reagents were of the highest grade available, were used without further 
purification and unless stated otherwise were purchased from Sigma Aldrich (UK) or 
Alfa Aesar (UK). Stock solutions of uric acid (typically 10 mM) were prepared in 
0.1 M sodium hydroxide, solutions of potassium chloride (typically 3M) were 
prepared in distilled water and glutathione solutions (typically 10mM) were prepared 
in pH7 Britton–Robinson buffer. The latter was also used as the electrolyte 
throughout and was adjusted to the appropriate pH through the addition of sodium 
hydroxide.  
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Electrochemical measurements were conducted using a µAutolab computer 
controlled potentiostat (Eco-Chemie, Utrecht, The Netherlands) using a plasma 
treated screen printed electrode assembly (PSPE) (Lifescan, UK) consisting of a 
plasma treated screen printed carbon working electrode, a screen printed carbon 
counter electrode and a silver/silver chloride paste reference electrode. The working 
electrode was modified by an anodic pre-treatment step prior to use by the application 
of a potential of +0.2V for 5 minutes in a solution of 0.1M sodium hydroxide. All 
measurements were conducted at 22
o
C ± 2
o
C. 
 
10.2.2. Sensor Construction 
 
Prototype sensors were 
prepared as illustrated in Figure 10.2 
using thermal or cold lamination 
methods. The sensor consisted of the 
electrode unit sandwiched between 
sleeves of a resin-polyester lamination 
pouch with a film thickness of 75 μm 
(Rexel, UK) which had been pre-
patterned to give a capillary channel 
and sample application area (hole cut 
with a 2mm diameter). A piece of 
conventional cellulose filter paper 
(25mm
2
, 200 micron) was placed 
within the sensor to act as the capillary 
wick, ensuring that the sample would 
have full contact with the electrodes, 
allowing effective analysis. Thermal 
lamination was achieved using a 
commercially available laminator and 
cold lamination was achieved by incorporating double sided adhesive tape with a 
thickness of 130 μm (3M, Berkshire, UK) between the laminate sheets. Electrical 
Figure 10.2 Schematic showing the sensor 
assembly. 
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connections to the electrodes were made via the addition of strips of copper shielding 
tape 100 μm thick, adhesive backed (RS Electronics, UK).  
 
10.3. Results and Discussion 
 
10.3.1. pH Sensor for Wound Management 
 
Square-wave 
voltammograms 
showing the response 
of sensors constructed 
using thermal and 
cold lamination 
methods to uric acid 
(460µM, pH6.2, 
97mM KCl) are 
shown in Figure 10.3. 
In both cases the two 
electron, two proton 
oxidation of uric acid, 
as described in 
chapter 9 (Scheme 
9.1) can be seen at 
approximately 
+0.30V. It is apparent 
that the cold laminated sensor (Figure 10.3 blue) gives an improved electrode 
response to uric acid when compared to the thermally laminated sensor (Figure 10.3 
red) with a larger, sharper oxidation peak observed. This can be attributed to the fact 
that the thermal lamination process has altered the structure of the screen printed 
carbon working electrode such that its electrochemical properties have been reduced, 
a possible explanation for this could be that the heat treatment of the sensor results in 
the re-dissolution of the particles within the ink therefore altering the electrodes 
Figure 10.3 Square-wave voltammograms detailing the response 
of the thermal and cold laminated anodised PSPE sensors to uric 
acid (460µM, pH6.2, 97mM KCl). 
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structure and for this reason the cold lamination fabrication technique was used to 
produce the rest of the sensors tested within this chapter. 
 
In the previous experiment it can be noted that potassium chloride (97mM) is 
present within the sample to act as an internal reference electrolyte, providing a fixed 
concentration of chloride ions, and therefore ensuring that a stable reference potential 
is attained at the silver/silver chloride paste electrode. It is important to fix the 
concentration of chloride ions in this way as any variations will alter the reference 
potential produced, therefore rendering any results obtained inaccurate [7]. The 
performance of the fabricated sensor to detect uric acid when varying the chloride ion 
concentration was examined and the expected nernstian behaviour of a shift in the 
potential of the uric acid oxidation peak, on changing the chloride ion concentration, 
was observed. This is illustrated in the calibration graph displayed in Figure 10.4 
where the position of the uric acid oxidation peak is plotted against the logarithm 
(log) of the potassium chloride concentration.  
 
 
Figure 10.4 Variation in the position of the uric acid oxidation peak with the change in chloride 
ion concentration. 
 
The oxidation position / chloride concentration relationship was linear, with 
the equation E(V) = 0.0615log[Cl-] + 0.315 having a correlation coefficient of R
2
= 
0.9766. This behaviour reinforces the need to have a fixed concentration of chloride 
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ions present for the unambigious determination of the pH ensuring that the latter is 
only thing that affects the position of the uric acid oxidation. For the purpose of this 
experiment the potassium chloride concentration was fixed at 97mM to match the 
chloride ion concentration typically present within whole blood [11]. It is noteworthy 
that the system can be easily adapted for use within other biological fluids by using 
the nominal chloride ion concentration within that fluid to calibrate the sensor. 
 
In order to see if 
the new sensing assembly 
gave the same pH 
dependent oxidation of 
uric acid as described in 
chapter 9 an identical 
calibration procedure as to 
that previously used was 
carried out. In this 
instance, however, 
potassium chloride was 
present in the calibration 
standards to act as the 
internal reference 
electrolyte, allowing the 
inbuilt silver/silver 
chloride reference 
electrode to be used as opposed to the external silver/silver chloride reference. 
Square-wave voltammograms detailing the response of the sensor to uric acid 
(460µM) in the presence of KCl (97mM) over a pH range of 3.7 to 8.0 are illustrated 
in Figure 10.5. 
 
 As observed in chapter 9, regardless of the pH, well defined peaks for the 
oxidation of the uric acid can be seen. The shift in peak position with changing pH 
gives the same linear response, with the oxidation shifting to more negative potentials 
as the pH increases, with the straight-line equation in this case being                   
Figure 10.5 Square-wave voltammograms detailing the 
response of the sensor to uric acid (460µM) at various pH 
(KCl, 97mM). 
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E(V)= -0.0635[pH] + 0.6918 having the correlation coefficient R
2
=0.9969. The only 
difference in the voltammograms recorded in this chapter compared to those seen in 
chapter 9 is that all of the oxidation peaks are seen at more negative potentials which 
can however be explained by the fact that a different reference electrode has been 
used. The establishment of the same characteristic uric acid pH response highlights 
the applicability of using the sensing platform developed as a disposable sensor for 
making indirect pH measurements within biological fluids. 
  
The viability of 
using the sensor within 
biofluids was subsequently 
assessed and whole blood 
samples were extracted 
from a volunteer via the 
fingerprick method and 
analysed directly without 
any sample pre-treatment. 
Figure 10.6 shows the 
voltammetric response of 
the electrode assembly to a 
whole blood sample, with 
the repetitive scans 
showing the 
reproducibility of the 
approach and the 
photographic insert showing the complete sensor assembly. As in chapter 9, the uric 
acid oxidation peak is visible as a sharp fully resolvable peak at +0.22V and once 
again provides an unambiguous signal from which the pH of the sample can be 
deduced. Other oxidation processes can also be seen on the voltammogram– a broad 
peak at +0.58V is observed and can be attributed to the direct oxidation of the other 
amino acids present within the sample. 
 
Figure 10.6 Square-wave voltammogram detailing the 
response of the sensor to a real sample. Insert: Photograph 
of complete sensing platform. 
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Upon successive scanning it can be seen that the peak position for uric acid is 
stable for the duration of the experiment (five minutes) although it is apparent, due to 
peak broadening and the presence of a new oxidation process at -0.08V, that the 
electrode surface is being progressively fouled as the sample coagulates and oxidation 
products are deposited at the sensor surface. The height of the uric acid peak 
diminishes on successive scanning and, although irrelevant in this study, it is 
indicative of the depletion of the uric acid species at the electrode surface and the 
blocking of the electrochemical signal as the electrode becomes increasingly 
contaminated. 
 
The position of the uric acid oxidation peak (+0.22V), and the previously 
determined calibration data, were used to determine the pH of the blood sample, 
ensuring the accuracy of the fabricated sensing assembly. The pH determined from 
the above oxidation potential was 7.392 (N=5, %RSD 0.910) and when the 
reproducibility between different sensing platforms was examined, the average pH 
was determined as being 7.39 (N=3, %RSD 0.822). The fact that these values fall well 
within the accepted pH range for venous blood (from 7.32 to 7.43) [11] and matches 
the values obtained in chapter 9 (same volunteer screened) shows the efficacy of the 
sensor for determining the pH of real samples, with the high inter reproducibility 
proving the accuracy of the system as a disposable sensing strategy. 
 
10.3.2. A Generic Sensing Strategy – Thiol Analysis 
 
 It was envisaged that the uric acid pH sensor assembly used above could be 
adapted to facilitate the detection of other biologically relevant molecules including 
the reduced sulphydryl thiols cysteine, homocysteine and glutathione. Adaptation for 
detection of thiol species came in the form of having multiple layers to the capillary 
wick illustrated in Figure 10.2. Here the middle layer was loaded with the 
napthoquinone-adamantane derivative investigated within chapter 7 and it was 
envisaged that the presence of this derivative would facilitate thiol detection by 
exploiting the different hydrophobic/hydrophilic properties of the derivative and 
reaction product respectively (as previously discussed), with a voltammetric signal 
only being observed when the thiol species is present within the sample allowing the 
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label to be mobilised. The bottom and top layers of the capillary wick were left blank 
to ensure that unreacted quionone was not detected at the electrode assembly and also 
to protect the user from coming into contact with the reactive quinone. 
 
 To assess the applicability of this sensor for the analysis of sulphydryl thiols 
the performance of the sensor to detect glutathione was examined. Figure 10.7 shows 
the voltammograms observed for the sensor in the absence and presence of 
glutathione (500µM, pH7, 97mM KCl) before and after a ten minute reaction period. 
The emergence of the quionone peak in the presence of the thiol is clearly visible at -
0.67V after the ten minute period with no peak processes emerging for the blank. This 
response is enhanced when compared to the initial (0 minute) measurement 
suggesting that a time delay is required to allow the reaction, mobilisation and 
movement to the electrode surface to occur. Similar, less defined responses were seen 
for cysteine and homocysteine. These results confirm that the hydrophobic quinone is 
only mobilised within the sensor after it has been reacted with the thiol moiety, thus 
proving the possibility of using this approach for the analysis of thiol species. 
 
 
Figure 10.7 Square-wave voltammograms detailing the response of the adamantine-
naphthoquinone sensor in the absence and presence of glutathione (500µM, pH7, 97mM KCl) 
before and after a ten minute reaction period.  
 
The small current response obtained for these results, when a relatively large 
amount of thiol is analysed along with the time delay required to make a suitable 
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measurement, demonstrates that the efficacy of the approach for the detection of 
sulphydryl thiols is significantly limited, especially when attempting to transfer the 
approach to analysis within real biological fluids.  
 
10.4. Conclusions 
 
 The fabricated sensor assembly has been shown capable of providing a robust 
and versatile sensing system for determining the pH of biological fluids. When 
comparing the possible fabrication routes available for sensor construction, it was 
found that thermal lamination routes appeared to alter the structure of the anodised 
working electrode resulting in a decrease in the performance characteristics and, as 
such, cold lamination techniques had to be used. The uric acid pH dependent response 
observed within this chapter was consistent with the data obtained in chapter 9, 
illustrating the effective transfer of the previous sensing strategy to a fully disposable 
sensing assembly and while more elaborate longevity or stability studies are necessary 
the primarily results are clearly promising, illustrating the development if of a sensor 
that can be used to determine the pH of biological fluids at the point of care, which 
could provide better wound care / management. The adaptation of the disposable 
sensing strip developed for the analysis of sulphydryl thiols has also been described 
and although the efficacy of the approach is limited for use for the analysis of these 
species over a clinically relevant range, it highlights the potential of the system as a 
universal sensing platform. 
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Chapter 11 
 
Conclusions and Future Work 
 
 Chpater 1 of this thesis summarises the clinical significance and describes the 
current methods used for the detection of sulphydryl thiols. Throughout this chapter it 
is clear that the detection of suphydryl thiols is fraught with a number of analytical 
challenges and given the significance, that changes in their levels have in relation to 
the onset and/or progression of a number of clinical conditions, the development of 
methods that could facilitate their unambiguous detection would be a significant 
benefit within the medical community. The development of new, rapid, point of care 
diagnostics would provide the most advantageous approach for thiol analysis as this 
would negate some of the problems surrounding sample collection and storage 
providing a more accurate analysis. Numerous approaches to meet this aim have been 
investigated within this thesis. Electrochemical techniques, as discussed in chapter 2, 
have been exploited primarily as the thiol detection strategy because of their ease of 
use, versatility and low cost.  
 
 In Chapter 3, the experimental work described the investigation of silver-thiol 
interactions. These interactions were exploited as a possible route to improve sample 
processing, particularly interference removal and analyte pre-concentration, in an 
attempt to enhance thiol analysis. The work presented, section 3.3, highlights that two 
silver-thiol interaction routes are possible: the first being silver retention and thiol 
release and the second being silver release and thiol release, with the predominating 
route being dependent upon the chemical functionalities present on the thiol species 
involved. Both routes described have the potential to assist sample processing during 
thiol analysis via pre-concentration. The second route observed, has an additional 
application as it provides a route for the electrochemical controlled ejection of silver 
nanoparticles. The latter could be of benefit within smart sensors or bandages for 
preventing electrode fouling and the accumulation of bacteria within wound 
environments, with this hopefully providing an infection control route. The work 
carried out in this chapter provided a tentative assessment of the silver thiol 
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interactions studied. More work is needed to understand and explore these interactions 
further. This should, primarily be focused upon elucidating the mechanism of silver 
retention or release fully, but should also include an investigation into the possible 
exploitation of the silver release mechanism to provide antibacterial action. 
 
Chapter 4 looked at the development of molecular imprinted polymers (MIPs) 
based on dimethylpyrrole analogues. It was envisaged that these would be able to 
facilitate the analysis of some simple amine compounds and, that the strategy 
developed could be adapted to provide a detection route for the sulphydryl thiols 
under study. The route employed allowed a range of potential MIP monomers to be 
synthesised, section 4.2.2, and subsequently polymerised at the electrode surface, 
section 4.3. However, when attempting to release the amine analyte template with 
hydroxylamine, opposed to having a complementary cavity left behind that would 
allow analyte reincorporation and detection, the polymer film was shown to degrade 
completely. So, instead of having a MIP, a sacrificial or protective type polymer had 
been developed. The possible application of which was subsequently investigated and 
the pontenial use highlighted. These systems could be investigated further by 
synthesising and studying dipyrrolic monomers with larger structures. Here, a longer 
polymer chain should be present and this may facilitate the patterening of the 
underlying electrode surface. This would be a useful film processing method where 
site specific spatial positioning on discrete electrode systems needs to be controlled. 
 
Chapters 5 and 6 examined the possibility of using the natural product 
plumbagin as a material to facilitate the electrochemical detection of sulphydryl 
thiols. Chapter 5 illustrated how plumbagin interacted with a variety of different thiol 
derivatives giving a clearly resolved, selective voltammetric signature for cysteine, 
section 5.3. The nature of the voltammetric profile was assessed and the profile 
observed was elucidated. It was thought the selectivity seen was due to the fact that a 
cyclistaion reaction between the quinone and the amine functionality present on the 
thiol species is possible, creating a new conjugate with different electrochemical 
properties. The results of this work show that the new conjugate can be detected 
without any interference from the other species present within the sample. The 
detection strategy for cysteine was modified and an accurate, indirect route for the 
analysis of the cysteine disulphide cystine has been displayed and evaluated. 
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Interference studies and the applicability of the sensing technique for use within real 
biological samples should be investigated next to build upon the work carried out in 
this chapter. 
 
Chapter 6 looked at developing the plumbagin thiol detection strategy further. 
It was envisaged that by polymerising the plumbagin that, a reactive polymer would 
be produced and that this would facilitate reagentless thiol analysis. In section 6.3.1, it 
was found that the polymer produced was unstable, degrading in the presence of the 
thiols species, thus limiting plumbagins use of to an in-situ electrochemical thiol 
label. It was however observed during this work that the polymer could catalyse the 
reduction of oxygen to produce reactive oxygen species (ROS). The ability of the 
plumbagin monomer and polymer to produce ROS was investigated fully, section 
6.3.2 in an attempt to provide a route that could prevent electrode fouling. Further 
work is needed to identify the ROS species being produced, this would enable the 
potency of the system to be estimated and the potential applications tailored 
accordingly. Other, potentially polymerisable quinones could also be investigated to 
see if they generate ROS species, but more importantly, for the context of this project, 
to see if they could produce stable polymer films capable of sensing reduced thiol 
species. 
 
The work presented in chapter 7 looked at using the quinone-thiol interactions, 
previously described in chapters 5 and 6, in an alternative way to facilitate the 
detection of sulphydyl thiols via colorimetric (ultraviolet-visible specrophotometric) 
methods. A range of structurally different benzoquinone and naphthoquinone 
derivatives, both commercially available and synthesised in house, were assessed. It 
was discovered that two derivatives, 2,6-dimethylbenzoquinone and 2-(adamantly-1-
carboxylic acid-1,4-naphthoquinone ester, displayed superior reaction characteristics 
that could be exploited to selectively determine cysteine and homocysteine 
respectively via colorimetric means. The possible application of this route has been 
displayed. Its use is however limited, as upon evaluation it was found that the 
sensitivity of the technique was inadequate for realistic thiol analysis. This was 
hampered further given the low molar absorptivities of the derivatives, and the low 
reference concentrations of the sulphydryl thiols within biological samples. The 
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routes discussed within this chapter were also studied using electrochemical 
techniques to see if any improvement in the sensitivity could be achieved. It was 
demonstrated that the thiols could be detected via exploiting the different hydrophobic 
and hydrophilic properties of the naphthoquinone-adamantane derivative and its 
corresponding thiol conjugate. Even though this technique was subject to the same 
sensitivity problems previously described it highlights a new sensing approach that 
can be exploited further (chapter 10). Further work to try and develop a selective and 
sensitive colorimtric thiol label could be to:- 
 investigate other commericially available quinones, 
 to synthesise quinones that have stronger native chromophores present, 
 to investgate quinone-complexes, where a displacement reaction could 
yield a colorimetric response. 
 
Chapter 8 examined an alternative route to those described in chapters 4 and 6, 
which could potentially be used to facilitate the reagentless sensing of sulphydryl 
thiols. Electropolymerisable quinone/imine type materials were investigated and 
although the study displayed some interesting results in that the materials studied 
were reactive to sulphydryl thiols and polymerisable, the polymers produced did not 
provide a selective route for thiol analysis. Literature regarding the electrochemistry 
of these materials is limited and so it would be interesting to conduct a full, detailed 
electrochemical study on each of the compounds studied to clarify the reaction 
mechanism occuring. This would provide a vast amount of information allowing the 
potential applications of these molecules to be highlighted and exploited. 
 
Chapter 9 looked at a different type of sensing strategy, the primary aim being 
to develop a route that could be used to determine the pH of a wound which should 
facilitate more effective wound management strategies. The work presented in section 
9.3 shows that the pH of whole blood samples can be effectively determined by 
assessing the position of the voltammetric profile obtained for the oxidation of uric 
acid. The electrode response observed for the sensor could be enhanced by subjecting 
it to an anodic pre-treatment with the performance characteristics of a plasma treated 
and anodised screen printed carbon electrode providing a clear voltammetric trace that 
could be exploited. This work shows the potential of anodic pre-treatment for 
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enhancing the performance of screen printed electrodes and so this route could be 
applied to sensing platforms currently available for the analysis of other biologically 
relevant molecules. The work discussed in chapter 9, with regards to developing a 
wound pH sensor, was investigated further in chapter 10. Here a fully disposable 
sensing platform was constructed and evaluated. The sensor fabricated had excellent 
performance characteristics and could easily be used to determine the pH of biological 
fluids at the point of care. With regards to the pH sensor for monitoring wound status 
a large amount of future work needs to be conducted so that the production of a 
commercially viable sensing platform can be realised. This includes miniatuarising 
the device, conducting a more robust performance study, looking at a range of 
biologically fluids and potential sample interferents. Chapter 10 also tentatively 
assessed the adaptation of the sensing platform developed for pH analysis for the 
analysis of sulphydryl thiols by exploiting the different hydrophobic and hydrophilic 
properties of the naphthoquinone-adamantane derivative and its thiol conjugate as 
discussed in chapter 7. Although this route was found to be limited in terms of 
sensitivity it demonstrated the robust nature of the fabricated sensor and the 
possibility that a universal sensing platform had been developed. 
 
The work presented in this thesis illustrates the drive to develop methods that 
are sensitive, selective and reproducible, that can be used to facilitate the detection of 
biologically relevant molecules. The move towards portable sensing formats is 
advantageous as it provides rapid on-site analysis. It is clear that some of the routes 
presented have been demonstrated as probable routes for use within this area, 
although further development and optimisation is required. 
 
This project has laid the foundations of several sensing strategies and has 
highlighted the complexity of analysing biological fluids at the point of care. The 
work has also raised many questions as to how the techniques work and has indicated 
some new avenues that could be explored.  
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A1:C3. Appendix 1: Chapter 3 – Exploiting Silver-Thiol Interactions 
for Thiol Analysis 
 
A1.C3.1 Inductively Coupled Plasma-Optical Emission Spectroscopy 
(ICP-OES) Experimental Details and Results 
 
A1.C3.1.1. Introduction to ICP-OPES 
 
ICP-OES is an accurate and versatile multi-element analytical technique. It 
can be used for the analysis of a range of major, minor and trace elements 
simultaneously, including silver [1], lead [2] and cadmium [3], in a variety of sample 
matrices and can therefore be used for a number of applications [4]. During ICP-OES 
analysis the sample is nebulised and introduced into the high temperature inductively 
coupled plasma. Once in the plasma the sample undergoes desolvation, vaporisation, 
atomisation and finally excitation and ionisation. In the latter stages, electrons within 
the atoms are promoted to higher energy levels and results in the atoms being present 
in an excited state. The excited atoms then return, from their excited state to there 
initial ground state. This process releases light (electromagnetic radiation) and gives 
rise to the analytical signal. The light emitted is spectrally resoved and the intensity of 
the light is measured at the detector. The wavelength of the light emitted is 
characteristic of the atom involved providing a qualitative measurement and the 
intensity of the light is proportional to the conecentration of the analyte present thus 
giving a quantitative measurement [4-5]. 
 
A1.C3.1.2. Experimental Details 
 
Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 
experiments were conducted on an ICP-OES 2100 DV instrument (Perkin Elmer, UK) 
equipped with a charge coupled device. All reagents were of the highest grade 
available, were used without further purification and unless stated otherwise were 
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purchased from Sigma Aldrich (UK) or Alfa Aesar (UK). A solution of 0.1M nitric 
acid was used to prepare the calibration standards and the sample solutions. The 
operating conditions for the ICP-OES were as follows:- 
 Power 
 Plasma gas flow rate 
 Auxiliary gas flow rate 
 Nebulizer gas flow rate 
 Peristaltic pump speed 
 Integration times 
 Wash time 
 Number of replicates – 3 
 Carrier solution – 1% nitric acid 
 Rinse solution – 1% nitric acid 
 View Position – Axial 
 Analytical wavelength for silver – 328.028nm 
 
A1.C3.1.3. Results 
Calibration Data 
 The calibration series consisted of one blank and 4 standard silver 
solutions (0.0ppm, 0.5ppm, 1.0ppm, 1.5ppm and 2.0ppm). These were 
analysed in triplicate to produce a linear calibration graph with the 
equation of the line being: Intensity = 109800[Concentration of silver 
(ppm)] + 954.5, having a correlation coefficient R2 = 0.999841.  
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Sample Data 
Sample Dilution 
Factor 
Replicates Average 
Corrected 
Intensity 
Average 
Concentration 
of the 
analytical 
solution / 
mg/L 
Average 
concentration 
of the sample 
solution / 
µg/ml 
Standard 
deviation 
Relative 
standard 
deviation 
/ % 
Interfacial 
solution 
(homocysteine) 
125 3 110867.5 1.001 125.125 0.0016 0.16 
Bulk solution 
(homocysteine) 
N/A 3 34765.1 0.308 0.398 0.0051 1.64 
Interfacial 
solution (3-
mercaptopropane) 
125 3 177.3 0.007 0.875 0.0004 5.19 
Bulk solution (3-
mercpatopropane) 
N/A 3 62977.5 0.565 0.565 0.0054 0.95 
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Al.C3.2. Enlarged Figures 
 
 
 
 
 
Figure 3.2 (A) EQCM profile and (B) corresponding explanatory schematic for 
the interaction of silver with homocysteine during the stages (1 to 7) of the 
experiment. 
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Figure 3.4 (A)The EQCM profile and (B) the corresponding explanatory 
schematic for the interaction of silver with methionine during the stages (1 to 
7) of the experiment. 
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Figure 3.5 (A) The EQCM profile and (B) the corresponding explanatory 
schematic for the interaction of silver with 3-Mercaptopropane during the 
stages (1 to 7) of the experiment. 
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